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THE 


IDENTIFICATION OF 


REDUNDANT 


STIMULUS PATTERNS! 


PETER D. 


BRICKER ? 


The Johns Hopkins University 


When an observer can consistently 
or reliably make the correct response 
to one of several possible stimulus 
patterns, he is said to be able to 
identify the stimulus. Previous ex- 
periments have measured the rate of 
acquisition of this identifying response 
(1) and the reaction time required for 
it (2,3). This experiment uses both 
of these measures as indices of the 
difficulty of identification. 

Several stimulus factors have been 
shown to affect these measures of the 
identifying response. This experi- 
ment is concerned with the effect of 
having more than the necessary 
number of cues to the identity of each 
stimulus, when all the cues are of the 
same physical nature. The number 
of formal cues is easily varied when 
only the eight stimuli shown in Fig. 
l are used. A given stimulus in this 
list appears to S as five lighted glow 
tubes (represented by a given group 
of five circles within a rectangle) on 


1 Based upon a dissertation submitted to the 
Faculty of Philosophy, The Johns Hopkins 
University in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy. 
The author wishes to thank Drs. H. W. Hake 


and W. R. Garner for their advice and assistance - 


in carrying out this project. 
?Now at Control Systems 
University of Illinois. 


Laboratory, 


an array of two rows of five tubes 
each. But from E£’s point of view, 
a stimulus may be thought of as 
composed of five subareas, each of 
which is a vertical column of two 
possible lights. A given subarea can 
be in one of two states—either the top 
or bottom tube is lighted. Because 
there are just these two possibilities 
for any one unit, the units are referred 
to as binary elements: The state or 
value of each binary element is one 
cue to the identity of the stimulus. 
When there are eight possible 
stimuli, only three such binary cues 
are required to identify a stimulus. 
In other words, the two lights at the 
extreme left can be eliminated from 
all eight stimuli in Fig. 1 without 
destroying the uniqueness of each 
stimulus. The basic three-element 
stimuli can be made to contain surplus 
cues in two ways. First, the number 
of binary elements can simply be in- | 
creased, while the number of stimuli | 
and the number of responses is held at 
eight. This kind of variation, which 
is called the stimulus redundancy vari- 
able, produces the four- and five- 
element stimuli shown in Fig. 1. It 
makes the stimulus patterns more 
md 
complex, but also adds _ alternative 
ways of identifying each stimulus. 
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Fic. 1. The three lists of stimuli and the 
three lists of responses used in the experiment. 
An open circle represents a lighted glow tube, 
and an open space inside the rectangle and im- 
mediately above or below a circle represents 
an unlighted glow tube. In any one list of 
stimuli, all eight stimuli consist of the same 
number of lighted tubes. The appearance of a 
particular stimulus in a given list is indicated 
by the group of 3, 4, or 5 circles, beginning on the 
right, enclosed by that particular horizontal 
rectangle. The responses in the eight-response 
list were associated with the stimuli directly 
opposite. Those in the four- and two-response 
lists applied to those stimuli included in the 
brackets. 


“A 

Second, the number of responses 
available to S can be reduced, while 
the number of stimuli and the number 


\_ of elements are held constant. With 


four or two responses, associated with 
stimuli as indicated by the brackets 
in Fig. 1, S need only identify each 
stimulus as belonging to a class of two 
or four, respectively. This is the 
response uncertainty variable. 
“Tfeneclement is deleted from a non- 
redundant stimulus, the remaining 
cues are insufficient for identification. 
But redundant stimuli can still be 
identified under these circumstances, 
so the occasional deletion of one 
element provides a check on this pre- 
dicted advantage of redundant 
stimuli. This is the deletion variable. 
The experiment consisted of intro- 
ducing these three variables into the 


task of learning to identify eight 
different stimuli. Its primary pur- 
pose was to determine whether alter- 
native-cue redundancy facilitates the 
identification of stimulus patterns. 


METHOD 


Subjects —Ninety male undergraduates at 
The Johns Hopkins University served as Ss. 
They were all serving subject duty required of 
introductory psychology students. Each was 
assigned to a condition according to a pre- 
determined random order. 


Apparatus.—The stimuli appeared for .7 sec. 


on two rows of five neon glow tubes each. The 
sequences in which the stimuli appeared were 
punched in code on a teletype tape. This tape 
was read by an electronic sequence programmer 
which presented all of the trials automatically at 
12-sec. intervals. The clock of an electronic 
voice reaction timer was started at the instant 
a stimulus appeared, and was stopped at the 
initiation of S’s vocal response. 

Stimuli and responses—The three lists of 
stimuli which correspond to the three conditions 
of the stimulus redundancy variable are shown in 
Fig. 1, where an open circle represents a lighted 
glow tube. The stimuli used in the condition 
of zero redundancy, each of which is composed 
of three elements, are shown in the three right- 
hand columns. Note that this list includes all 
possible arrangements of three binary elements. 
The four-element stimuli are shown in the four 
right-hand columns, and the five-element stimuli 
cover all five columns. In terms of the number 
of stimuli which could have been generated with 
four and five elements, these lists are 50% and 
75% redundant, respectively. Stimuli in the 
redundant lists can be differentiated from the 
others in the list by the correct perception of 
any three elements. For this reason, the addi- 
tion of redundant elements is considered to 
have the effect of providing alternative ways of 
identifying each stimulus. 

Incomplete stimuli were produced by deleting 
one element. All of the stimuli were complete 
for half the Ss (Cond. C), and 10% of the 
stimuli were incomplete for the other hal 
(Cond. 10%-I). tu ELKO? 

The responses were all monosyllables be- 
ginning with the letter B. There were three 
lists of responses, composed of 8, 4, and 2 
responses, respectively, which represented the 
three conditions of response uncertainty. When 
S has no knowledge of the stimulus-response 
relationships or of the structure of the stimulus 
series, 2, 4, and 8 response categories correspond 
to 1, 2, and 3 bits of uncertainty, respectively. 
The three lists of responses, together with the 
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stimuli for which they were the correct names, 
are shown in Fig. 1. Every S was provided with 
one of these three lists of responses and was 
required to associate each response in the list 
with one or more stimuli. The assignment of 
groups of stimuli to response categories for the 
two- and four-response lists was done in a way 
which maintained the difficulty of identification, 
on the basis of formal cues, at a maximum. In 
other words, there was an attempt to disguise 
the fact that less information was required for 
the identification of each stimulus as response 
uncertainty was reduced. 

Procedure.—The three conditions of stimulus 
redundancy, the three conditions of response 
uncertainty, and the two conditions of deletion 
were factorially arranged. This provided 18 
experimental conditions, with five Ss in each. 
The condition to which S was assigned deter- 
mined which list of responses he was given, 
which tape was used to program his stimuli, and 
to some extent, the instructions he received. 

Before the experimental session began, each 
S was given a list of the responses he was to use 
and told what the general nature of the stimuli 
would be. He was told to respond as quickly as 
possible after each stimulus with one of the 
names on his list, even if he had to guess, and 
that he would be corrected if he were wrong. 
The Ss in Cond. 10%-I were told that in- 
complete stimuli would occur. Then the ap- 
paratus automatically presented 200 stimuli. 
After each stimulus, E recorded S’s response and 
his reaction time, and pronounced the correct 
name of the stimulus. 

Each successive group of eight stimuli in- 
cluded all eight possible stimuli, but the order 
within groups was random. Thus, differences 
between the stimuli within a list are equalized 
for the successive blocks of eight trials. The 


incomplete stimuli were distributed throughout 
the series so that one occurred in each ten 
successive presentations. The stimulus affected 
and the element deleted were randomly de- 
termined. 


RESULTS 


Two main measures were used in 
this analysis. The first of these 
measures, which is referred to here- 
after as the per cent correct, is the 
corrected percentage of a certain 
number of trials on which S made the 
correct response. The per cent cor- 
rect was calculated from a number- 
correct score which had been cor- 
rected for chance. This corrected 
accuracy score was found by the 
formula: 


R. = R — W(h,-/Pw), 


where R, is the corrected number 
right, R is the raw number right, W is 
the number wrong, ?, is the prob- 
ability that a correct response will 
occur by chance, and p,. is the prob- 
ability that a wrong response will 
occur by chance. ‘Fhe correction is 
made separately for each condition of 
response uncertainty because the 
probability that a correct response will 
occur by chance alone increases as 
response uncertainty decreases. 

















TABLE 1 
ANALYsis OF VARIANCE OF REAcTION Time AND Error Scores 
Reaction Time Total Errors 
Source df 
Mean Square F p Mean Square F p 
Stimulus redundancy 2 3,926.35 11.64 | <.001 6,371.08 10.97 | <.001 
Response uncertainty 2 | 16,507.88 | 48.93 | <.001 2,239.85 3.86 | <.05 
Deletion 1 1,777.78 5.27 | <.05 4,354.18 7.49 | <.01 
Stimulus redundancy 4 339.66 1.01 — 1,327.81 2.29 OS<p 
X Response uncertainty 
Stimulus redundancy 2 1,092.08 3.24 | <.05 307.46 — 
X Deletion 
Response uncertainty 2 80.75 — 1,330.98 2.29 OS<p 
X Deletion 
Stimulus redundancy + 266.19 — 139.07 — 
X Response uncertainty 
X Deletion 
Ss within groups (error) 72 337.39 580.99 
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The other important measure is the 
mean voice reaction time for the last 
50 trials. It is interpreted here as a 
fairly stable and asymptotic measure 
of reaction time because no sta- 
tistically significant trend appears in 
reaction time over these trials for any 
group. Both of these measures were 
treated by the analysis of variance, 
the results of which are shown in 
Table 1. Note that the accuracy 
measure actually used was the cor- 
rected number wrong, which is the 
exact complement of R, in the above 
expression. The reader should refer 
to this table for details of the state- 
ments about significance made in the 
text. 

Stimulus redundancy and the course 
of learning.—The learning functions 
for each of the three conditions of 
stimulus redundancy are presented in 
Fig. 2 and 3, where the per cent 
correct is shown for each successive 
block of eight trials. The data for 
15 Ss, five for each number of re- 
sponse categories, are plotted at each 
point. The number correct in a 
given block was corrected for chance 
by the appropriate formula for each 
number of response categories sepa- 
rately, and these corrected scores 
were then averaged to determine per 
cent correct for all 15 Ss. The curves 
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differ chiefly in the rate at which they 
approach the asymptote, and all 
three stimulus redundancy groups 
within either Cond. C or Cond. 10%-I 
reach about the same final level of 
accuracy. The per cent correct in all 
200 trials, therefore, is related directly 
to the rate of learning under each 
condition. The number correct, from 
which per cent correct is derived, is 
amenable to conventional statistical 
analysis. 

The total per cent correct for each 
condition of stimulus redundancy is 
shown in Table 2. An analysis of 
variance shows the over-all differences 
among these three conditions to be 
significant, and to account for more 
variance than any other real source. 
Stimulus redundancy did not interact 
significantly with response uncer- 
tainty, so each value in Table 2 and 


TABLE 2 
Per Cent Correct 1n 200 Triats AVERAGED 


For Att ConDITIONS OF RESPONSE 
UNCERTAINTY 








Number of Elements 








Deletion 
Condition ] ] 
3 4 5 
emnipetieeetnasnmenmasenomensl | 
C 82.5 71.0 77.9 
10%-l 79,2 61.5 | 69.8 
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each point in Fig. 2 and 3 for a given 
number of elements is an average over 
the three conditions of response un- 
certainty. The curves and over-all 
per cent correct scores for Cond. C 
and 10%-I are shown separately, even 
though redundancy did not interact 
with deletion, because deletion had a 
significant effect. 


These data show that Ss with non- 


redundant three-element stimuli learn 











faster than those with sedundant 
stimuli. There is no evidence what- 


soever that stimulus redundancy ac- 
celerated the learning process, al- 
though formally it could have 
provided additional cues to the 
identity of each stimulus. In fact, 
the relative standings of the three 
stimulus redundancy conditions on 
the per cent accuracy measure cannot 
be accounted for when the stimuli are 
specified in terms of redundancy. 
The stimuli may be specified also, 
however, in terms of the patterns 
formed by connecting the lighted glow 
tubes with imaginary straight lines. 
Obviously, the kinds of patterns 
formed depend on the number of 
elements in the stimulus. The as- 
sumption that Ss did organize the 
stimulus elements in this way permits 
some tentative predictions about the 
relative difficulty of identifying the 
stimuli in the three conditions. These 
predictions can be made directly from 
Fig. 1. 
TABLE 3 


NuMBER oF Correct Responses To Eacu 
Stimu.tus Durinc THe First 80 Triats 
For Ss Usinc Eicut Response 
Catecories ONLY 





Stimulus 
Number of |_ — a 
Elements | | 
1}/2;/3}/4]s|o6}7]/8 
3 163/139! 42/53177) 71| 70| 74 
4 63 | 37 | 33 | 30 | 36 | 40 | $5 | 52 
5 31 


64 | 49 57 | 54 | 46 | 48 51 
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The fifth and sixth stimuli in Fig. 1 
form straight horizontal lines in the 
three-element condition, but this 


simple pattern is broken up when 
elements are added. The first pre- 


the more simple patterns are easier to 


Tearn, is that Stimuli 5 and 6 will be 
the easiest to learn when there are 
three elements, but no easier than the 
others when extra elements are added. 
The data in Table 3 essentially con- 
firm this prediction.* This table 
shows the number of correct responses 
to each stimulus over the first 80 trials, 
for Ss with eight response categories, 
and for each stimulus redundancy 
condition separately. In the three- 
element condition, accuracy reaches a 
considerably higher level during these 
early trials for Stimuli 5 and 6 than 
for the first four stimuli, and Stimuli 
5 and 6 average slightly higher than 
Stimuli 7 and 8. The superiority of 
the accuracy for Stimuli 5 and 6 is not 
as marked when there are four or five 
elements, however. Table 3 also 
shows that Stimuli 7 and 8 are easiest 
to learn under the three-element 
condition, where they form simple 
wedge-shaped patterns. The loss of 
simple figures, then, may be one 


reason why learning is slower with 
more than three elements. 
Predictions can also be made about 
which stimuli will be confused with 
each other most frequently under each 
condition. It is reasonable to assume ] 
that stimuli in which the elements 
bear the same relation to each other, | 
and which simply represent different 
orientations in space of the same 
figure, will be confused frequently. 





3 No attempt is made in this report to treat 
data of the type shown in Tables 3 and 4 
comprehensively, because they are based on 
small numbers of cases. These samples are 
presented merely because they suggest explana- 
tions for the relative difficulty of identifying 
stimuli composed of different numbers of 
elements. 


C %y 


v 
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TABLE 4 


Tue Frequency oF OccURRENCE 


or Eacu Response To Stimutus 3 


Durinc THE First 80 Triats ror Ss Usinc Eicur 
Response CaTecories ONLY 














Response 
Number of 
Elements 
Bun Boo Bee Bor Bye Bix Bev Bate 
3 16* > 42 9* 3 6 ll 4 
4 4 6 33 13* 11 4 13* 16* 
5 6 13 31 a 7 8 7 6 





























Note.—Stimulus 3 was presented a total of 100 times to these Ss in each condition of stimulus redundancy 


during the first 80 trials. 


‘or a given condition of stimulus redundancy, the responses marked with an asterisk in that row correspond 
to those stimuli which are geometrically related to Stimulus 3 in the manner discussed in the text. 


Figure 1 shows that the average 
stimulus in a given list is related in 
this way to the greatest number of 
other stimuli in the four-element 
condition, and to the least number in 
the five-element condition. An ex- 
ample of the obtained confusion 
patterns is shown in Table 4.4 This 
shows the responses made to Stimulus 
3 out of 100 presentations of that 
stimulus to Ss using eight response 
categories under each stimulus redun- 
dancy condition during the first 80 
trials. The responses which would 
be expected to occur frequently under 
each condition, if confusions among 
geometrically related stimuli were 
important, are marked with an aster- 
isk. Table 4 indicates that these 
confusions do occur frequently, and 
it has already been pointed out that 
the four-element condition affords the 
greatest number of opportunities for 
such confusions. There is good rea- 
son to believe, therefore, that the 

number of close relationships among 
stimulus patterns is another important 
factor determining the relative rates 
of learning under the three conditions 
of the stimulus redundancy variable. 

The above two factors were illus- 
trated with data from the group with 
eight response categories, but they 














4 See footnote 3. 


would be expected to operate in a 
modified form with four response 
categories. ‘The data for Ss with four 
response categories do in fact show the 
expected effects, and the factors may 
also be presumed to be operating when 
there are two response categories. 
Stimulus redundancy and reaction 
time.—Mean reacticn times for the 
last 50 trials, for each condition of 
stimulus redundancy and for Cond. C 
and 10%,-I separately, are shown in 
Table 5. The over-all trend indicates 
the same order of difficulty of discrimi- 
nation as shown by the per cent ac- 
curacy scores, and the same factors 
may account for it. The interaction 
of stimulus redundancy and _ the 
deletion variable approaches statis- 
tical significance, however, so it should 
not be overlooked. The difference 
between Cond. C and 10%-I is 














TABLE 5 


Mean Reaction Time 1n Sec./100 Over 
THE Last 50 Triats AVERAGED FOR 
Aut ConpiTions oF RESPONSE 














UNCERTAINTY 
Number of Elements 
Deletion ew 
Condition ] 
i. 5...4 5 
. 76.7 98.5 95.5 
10%-I 91.6 115.3 90.5 




















eee vy SS 
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significant for three and four elements 
(df = 1 and 24, F = 5.91 for three 
elements, F = 4.54 for four elements, 
p < .05 in both cases), but the ap- 
parent reversal at five elements is not 
significant (F < 1.0). The data do 
not contradict the conclusion that this 
interaction simply represents the_ex- 
pected tendency for deletion to be- 
come less im redundancy is 
increased. Although conclusions 
about the primary variable are re- 
stricted by the presence of an inter- 
action, it appears that reaction time 
is longer for more redundant stimuli. 

Stimulus redundancy and incom- 
plete stimuli—Each of the 45 Ss in 
Cond. 10%-I was presented with 
20 incomplete stimuli distributed 
throughout his 200 trials. Table 6 
shows the per cent correct responses, 
for each condition of stimulus redun- 
dancy within Cond. 10%-I, to in- 
complete stimuli. The number cor- 
rect was corrected for chance by the 
appropriate formula for each condition 
of response uncertainty, as previously 
explained. Both the four-element 
and five-element groups made a 
significantly higher percentage of cor- 
rect responses to incomplete stimuli 
than did thé three-element group. 
This result confirms the prediction 
that redundant stimuli_would be 


easier to identify than nonredundant 


TABLE 6 


Per Cent Correct RESPONSES OF THE 
10%-I Group to IncompLete StImuLi 
AVERAGED FoR ALL ConpDITIONS 
or Response UNCERTAINTY 





























Number of Elements 
Measure 
3 4 5 
P 20.8 52.8 36.8 
SEp 2.34 2.88 2.72 








Note.—The percentages are based on the 20 in- 
complete stimuli presented to each of the 45 Ss in the 
10%-1 group. 


stimuli when there was one element 

— 

There are two apparent irregular- 
ities in Table 6. First, it may seem 
surprising that accuracy on incom- 
plete stimuli was not zero for the 
three-element group, since the scores 
are corrected for chance and with one 
element deleted a three-element stim- 
ulus cannot be perfectly identified. 
There are two elements left in in- 
complete three-element stimuli, how- 
ever, and these cues make it possible 
to narrow down the number of stimuli 
which could have been presented to 
two. In other words, Ss do better 
than chance on incomplete three- 
element stimuli because some in- 
formation is still supplied by the 
stimulus. The other irregularity is) 
the fact that the four-element group | 
is significantly more accurate than the 
five-element group on _ incomplete 
stimuli. The data of the present ex- 
periment provide no convincing ex- 
planation for this result, so it must go 
without elaboration in this account. 
It does not alter the fact, however, 
that redundant incomplete stimuli 
were easier to identify than non- 
redundant incomplete stimuli. 

Response uncertainty and the course 
of learning.—The per cent correct for 
2, 4, and 8 response categories was 
71.7, 78.6, and 70.7, respectively. 
The accuracy scores were corrected 
for chance in the usual manner. The 
differences are not highly significant, 
and there is no evidence for a con- 
sistent effect of response uncertainty 
on the rate of learning in this 
situation. This may be interpreted 
to mean that the perceptual task does 
not seem to be affected by changes in 
the response requirements. 

Response uncertainty and reaction 
time.—Mean reaction time (in sec./ 
100) over the last 50 trials, for the 
2, 4, and 8 response categories, was 
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77.6, 85.0, and 121.4, respectively. 
The analysis of variance shows re- 
sponse uncertainty to be a significant 
source, free from interactions. The 
data support the conclusion that 
reaction time is an increasing function 
of response uncertainty. 


Discussion 


Formal alternative-cue redundancy 
clearly did not facilitate the identification 
of stimulus patterns in this experiment. 
This study, however, does not answer 
the question of whether redundancy can 
be helpful. Rather, it shows that_one 
possible result of making stimuli logically 
redundant is to make them more difficult 
to_ identify. In other words, stimulus 
redundancy_seemed_to increase 5s un- 
certainty about the identity of the 
stimuli rather than to decrease it. 

~—To understand this effect, it is neces- 
sary to examine the operation which was 
performed on the stimuli in introducing 
what is called stimulus redundancy. 
This operation was the addition of one 
or two binary elements to the adequate 
three-element stimuli. To be sure, this 
operation had the effect of making the 
stimuli redundant in a formal sense, but 
it also changed the form of the patterns 
defined by the lighted glow tubes. 
Since the stimuli were apparently per- 
ceived as whole patterns, this latter 
effect has the greater significance for the 
relative difficulty of identification under 
the various conditions of stimulus redun- 

















dancy. It was shown that extra elements 
made the stimuli more difficult to iden- 
tify a priori, in terms of interpattern 
relationships, and that the data bore out 
the predictions based on this kind of 
stimulus specification. These findings 
indicate that the four- and five-element 
stimuli were redundant in a formal sense 
only, and were not really perceptually 
redundant. It is conceivable that 
stimuli which are perceptually redun- 
dant, i.e., optimally coded, might pro- 
duce quite different results. 

Reaction time was an_ increasing 
function of response uncertainty alone 


PETER D. 





BRICKER 


when the stimulus conditions were held 
constant. The data suggest that the 
perceptual task performed by S also 
remained constant as response uncer- 
tainty was varied, even though the 
amount of information logically neces- 
sary for stimulus identification increases 
with response uncertainty. This con- 
clusion is suggested by the fact that 
learning proceeds at about the same rate 
under all conditions of response un- 
certainty. In other words, the relation- 


‘ ship between reaction time and response 


uncertainty found in this experiment 
appears to be independent of stimulus 
uncertainty. 

Hyman (2) has described a relationship 
between response uncertainty and re- 
action time in an experiment in which 
stimulus uncertainty and response un- 
certainty were always equivalent. His 
data and those of this experiment are not 
strictly comparable, for several reasons. 
Hyman obtained his results under condi- 
tions of perfect accuracy, long practice, 
and a quite accurate estimate of the 
uncertainty of each condition. The 
functions from the two experiments may 
still be compared, however, if it is 
assumed that 2, 4, and 8 response 
categories represent approximately 1, 2, 














and 3 bits of response uncertainty, 
° 
° 
— 
© 120F et 
w U7 
Ww r Ps 
ar: 
2 cates | a 
= Pw 
WwW 4a a“ 
= 2 77 
ve 
60+ 
2 
° 
o es 
a Gene 1 rl . 1 
Ww 1 2 3 
™ RESPONSE UNCERTAINTY IN BITS 
Fic. 4. Reaction time as a function of 


response uncertainty. The open circles are the 
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best fitting straight line through those points. 
The solid line is the regression of reaction time 
on stimulus information for one S in an experi- 
ment by Hyman (2). 
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respectively. This assumption permits 
the plotting of the reaction times ob- 
tained in the present study as a function 
of response uncertainty in bits, as in 
Fig. 4. The best fitting straight line 
has been drawn through the three points 
from this experiment, and Fig. 4 also 
includes the regression line for one of 
Hyman’s Ss. The slope of the function 
for Hyman’s S is no greater than that 
of the function from the present study, 
so it appears that reducing stimulus and 
response uncertainty s 
reaction time no more than reducing 
response uncertainty alone. Compari- 
son with the function for any of Hyman’s 
Ss does not materially change this 
conclusion. There is a possibility that 
further practice could reduce reaction 
time for the higher uncertainty condi- 
tions, and thus decrease the slope of the 
functions from this experiment. But as 
it stands, this comparison suggests that 
changes in response uncertainty alone 
account for most of the slope of the 
function relating reaction time to the 
covariation of stimulus and response 
uncertainty. Stimulus factors, within 
the range investigated, appear to affect 
only the intercept constant of the 
function. 








SUMMARY 


The purpose of this study was to observe the 
effect of two major variables, stimulus _re- 
dundancy and response uncertainty, on the 
process of identifying stimuli composed of 
binary elements. The rate at which a list of 
eight such stimuli was learned and the reaction 


time required for identifying the stimuli were 
used as measures of the identification process. 
Stimulus redundancy was varied by adding 
elements to the minimum number of elements 
necessary to identify each stimulus. This 
theoretically provided S with alternative ways 
to identify the stimuli. Response uncertainty 
was varied by changing the number of responses 
available to S, thereby changing the number of 
stimuli to which each response referred. A 
third variable consisted of deleting one element 
from 10% of the stimuli presented to half of the 
Ss. This deletion variable was introduced to 
test the effect of stimulus redundancy on the 
accuracy of responses to incomplete stimuli. 

Stimulus redundancy retarded learning, by 
making the stimulus patterns more complex and 
difficult to identify, and slightly increased 
reaction time. In this form, redundancy cannot 
be considered an important aid to stimulus 
identification. The Ss using redundant stimuli, 
however, were more accurate on incomplete 
stimuli than those whose stimuli were non- 
redundant. 

Response uncertainty had no consistent 
effect on the rate of learning, but was related 
positively to reaction time. The relative 
importance of stimulus and response factors in 
this relationship is discussed. 
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RELATION OF STIMULUS AND RESPONSE AMPLITUDE 
TO TRACKING PERFORMANCE! 


BRYCE O. HARTMAN? AND PAUL M. FITTS 


The Ohio State University 


The relation of stimulus magnitude 
to accuracy of estimation and to the 
precision of motor response has long 
been a topic of interest in psycho- 
physics. Relatively little attention 
has been given, however, to the rela- 
tion of stimulus and response ampli- 
tudes to performance in continuous 
tasks such as tracking. In a typical 
tracking task S operates a control and 
observes a separate visual display. 
Such an arrangement permits in- 
dependent experimental manipulation 
of stimulus and response amplitude. 
These variables will be referred to 
hereafter as display (Sa) and control 
(S.) scale factors and their effects on 
tracking performance as scale effects. 

The most comprehensive studies 
conducted to date on scale effects in 
continuous tasks are Helson’s (5) 
wartime investigations of handwheel 
tracking. One of Helson’s most gen- 
eral conclusions, stated as the U 
hypothesis, was that relative per- 
formance tended to be maximum over 
a wide range of task conditions, such 
as speed and amplitude of turning 
movements or mass of the handwheel 
control. This type of relation is 
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Some of the data here reported are included in 
a Ph.D. dissertation submitted by the first 
author to the Graduate School of The Ohio 
State University. 
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Research Laboratory, Ft. Knox, Kentucky. 


82 


similar to the familiar Weber-type 
function found in many _ psycho- 
physical studies using discrete stimuli 
and responses. The finding is also in 
general agreement with results re- 
ported by one of the present writers 
(3) on the interrelations among the 
amplitude, accuracy, and rate of 
responding in serial motor tasks. In 
spite of the basic agreement among 
these varied types of data, however, 
there are grounds for expecting that 
the precise relation of stimulus and 
response amplitude to performance in 
continuous tasks may depart con- 
siderably from a Weber-type function 
in certain amplitude regions, and that 
the relation may vary considerably 
with different secondary task condi- 
tions. Important task conditions, for 
example, are the degree of patterning 
or predictability of the motor response 
sequence, and the relative importance 
of visual vs. proprioceptive sources of 
information. 

The present investigation is best 
described as consisting of a series of 
self-contained experiments, in each of 
which the level of performance was 
determined for 25 combinations of 
display and control scale factors for a 
given set of secondary task conditions. 
Several types of target motion, differ- 
ing in frequency and intricacy, and 
both compensatory and pursuit dis- 
plays were used. Highly practiced 
Ss were employed, but one task 
condition was repeated at the begin- 
ning and end of the 11-session training 
period and again at the end of the 
series of experiments as an empirical 
check on practice effects. 
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Fic. 1. Sketch of the apparatus showing the 
spatial arrangement of the display and the arm 
control. 


MeETHOD 


Apparatus —A two-channel electronic track- 
ing apparatus, whose detailed construction and 
functional characteristics have been described 
elsewhere (14), was used. Its principal com- 
ponents were (a) a target generator, (b) a 
programming unit, (c) duplicate cathode ray 
tube (CRT) displays, (d) duplicate tracking 
controls, and (¢) duplicate scoring and recording 
units. 

The apparatus permitted two Ss working in 
separate test booths to be tested simultaneously. 
Both Ss tracked the same problem, but each saw 
only the results of his own responses. Each 
tracking booth containéd a voice communication 
system for giving instructions. 

The CRT display was 5 in. in diameter, 28 in. 
away and 15° downward from S’s eyes, and 
perpendicular to the line of sight. The target 
was a bright vertical line # in. wide and in. 
long. The cursor was a vertical line of similar 
dimensions which appeared below and slightly 
overlapped the target line. The target and 
cursor lines were painted on the display by a 
single electron beam which was deflected 
alternately by the two signals operating through 
a 60-cps time-sharing switch; this procedure 
eliminates problems of drift and parallax be- 
tween display and scoring circuits. Target and 
cursor moved along a horizontal path which 
bisected the CRT. The S’s task was to keep 
target and cursor in continuous vernier align- 
ment. The level of illumination in the booths 
was low (.1 ft.-c.) in order to provide good 
contrast on the CRTs. 

The control (see Fig. 1) was a horizontal 
lever.2 The S placed the elbow of his right arm 


Data were obtained with two other types 
of controls, a joy stick and a wrist control, but 
this task variation produced no significant 


above its pivot point and extended his arm 
forward, grasping a knob at the end of the lever. 
The position of the knob was adjusted to match 
the length of S’s arm. 

Secondary task variables—Two types of 
displays were employed, pursuit and com- 
pensatory. Functional block diagrams of the 
apparatus arranged for each type of display are 
given in Fig. 2. With a pursuit display the 
motion of the target is determined by variations 
in the input voltage (@;) of the target course 
generator, and the motion of the cursor is 
determined by variations in the output voltage 
(0.) from S’s tracking control. The instantane- 
ous magnitude of tracking error is the difference 
between input and output voltages. For any 
given values of Sg and S, this error voltage 
bears a fixed relation to the horizontal distance 
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Fic. 2. Block diagram of the electronic 
tracking apparatus arranged for a pursuit display 
(A) and a compensatory display (B). 


variation in scale effects, and the data are not 
included in the present report. 
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in inches between target and cursor, and to the 
angular difference in degrees or in mils between 
the existing and the correct position of the arm 
control. 

When the compensatory condition is used, 
the target line remains stationary in the center 
of the display and only the cursor moves. The 
voltages from the target course generator and 
from S’s control are fed to a subtractor which is 
inserted ahead of the display, and the difference 
between these two voltages, i.e., error, appears 
on the CRT display as cursor position. 

With both types of displays the same differ- 
ence in voltages is used to activate the scoring 
circuits. With both displays the tracking con- 
trol must be moved to the right to introduce a 
correction to the right. Exactly the same motor 
response in relation to a given magnitude and 
direction of error is required for perfect tracking 
regardless of whether the display is pursuit or 
compensatory. 

Target motion patterns consisting of simple 
harmonic motion of three frequencies, 15, 30, 
and 60 cpm, were studied. These signals were 
identical in respect to peak amplitudes, am- 
plitude distributions, and root mean square 
(RMS) voltages over a sample period of 1 min. 
Target motion patterns consisting of combina- 
tions of (a) 30- and 20-cpm components and 
(b) 30-, 20-, and 10-cpm components were also 
studied. The two complex target patterns are 
shown in Fig. 3 along with the 30-cpm pattern. 
The complex target motion patterns were 
produced by combining the 30- and 20-cpm 
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Fic. 3. Thirty-second graphic records of 
target motion patterns of three levels of in- 
tricacy: a 30-cpm sine wave, a combination of 
30 + 20-cpm sine waves, and a combination of 
30 + 20 + 10-cpm sine waves. 


components so that their respective RMS 
voltages were in the ratio of 3.1 to 1, and by 
combining the 30-, 20-, and 10-cpm components 
in the ratio of 1.6 to 2.5 to 1, respectively. In 
the latter case the 10-cpm frequency was phase 
shifted slightly in relation to the other two 
components. 

It is important to note that when two or more 
time-varying voltages are combined to produce a 
more intricate target motion pattern the RMS 
voltage of the resulting composite signal around 
its own mean is equal to the square root of the 
sum of the mean squared voltages of the com- 
ponent signals. The peak voltage of the com- 
posite signal as well as its RMS value thus is 
greater than that of any single component; how- 
ever, the amplitude distribution of the signal 
changes in such a way that the increase in peak 
voltage is greater than is the increase in RMS 
voltage. In order to provide a basis of com- 
parison between the three simple and the two 
more intricate target motion patterns studied in 
this experiment, the voltages of the composite 
signals were reduced until the peak plus or 
minus voltage, which corresponded to the 
maximum displacement of the problem cursor 
to left or right of its center position, was the 
same for all five target courses. The relative 
RMS voltages of the two complex signals, in 
order of increasing complexity, were 79° and 
75%, respectively, of that of the 30-cpm signal.‘ 

Display and control scale factors —Sq is 
defined as the amplitude in inches traversed 
by the target on a pursuit display. With a 
compensatory display the error cursor traverses 
this same range if the control is held in its 
neutral position, i.e., if error corresponds to 
target course input. The five categories of Sq 
studied were }, 3,1, 2,and4in. Linear distances 
of these amounts on the CRT display are 
equivalent to visual angles ranging from ap- 
proximately 30 sec. to slightly over 8° at S’s eye 
point. 

S. is defined as the range of angular motion 
of the control required to perform the tracking 
task perfectly. The five categories of S- 
studied were 5°, 10°, 20°, 40°, and 80° of arm 
rotation at the elbow. Stops prevented the 
arm control from being rotated over a range of 
more than 90°. For convenience the 5° condi- 
tion will be referred to as the smallest control 
scale factor and the 80° condition as the largest 
one. The control is of course less sensitive, i.e., 
the ratio of display motion to control motion is 
smallest in the latter case. 

Selector switches at E£’s console permitted 


4An alternative procedure would have been 
to equate the RMS values and permit the ranges 
of target motion to vary for the different courses. 
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TABLE 1 
SEQUENCE oF TRACKING Tasks 
Sessions Ss 1-4 Ss 5-8 








1-3 | 30cpm, P 30 cpm, P 
4-11 | Training Training 


12-15 | 30 cpm, P 30 cpm, P 
16-18 | 15 cpm, P 60 cpm, P 
19-24 | 30 cpm, C 30 cpm, P* 


25-27 | 30+20 cpm, C 30+20 cpm, P 
28-30 | 30+20+10 cpm, C| 30+20+10 cpm, P 
31-32 | 30 cpm, P 30 cpm, P 








Note.—P represents a pursuit display, C a com- 
pensatory display. During Sessions 4411 practice was 
given on each of the tracking tasks. 

* During these sessions two new types of controls 
were used, 


changes in the values assigned to Sy and S, to be 
made between trials. 

Procedure-—Eight volunteer college men 
served as Ss. All were right handed. They 
were paid by the hour. Sessions consisted 
of 25 trials. Each trial was 90 sec. long but 
only the last 60 sec. were scored. A rest period 
of 3 min. occurred after Trials 5, 10, and 20, and 
one of 10 min. occurred after Trial 15. During 
these rest periods Ss relaxed outside their booths. 
A 1-min. rest period was given between all other 
trials, Ss remaining in their booths. A buzzer 
sounded before the beginning of each new trial. 
Another buzzer, which remained on during the 
trial, effectively masked room noises and possible 
auditory cues from the apparatus. All timing 
and scoring was automatic. The Ss alternated 
booths on successive sessions. Eleven 1.5-hr. 
sessions were devoted to training. During the 
first three of these sessions a standard (30-cpm 
pursuit) task was used; this task constituted the 
first task of the series of éxperimental sessions 
and was repeated on Sessions 31 and 32 as an 
empirical check on learning effects. During 
Sessions 4 through 11 pretraining was given on 
all of the task conditions employed in later 
experimental sessions. 

Each pair of Ss was first scheduled for a 
demonstration session. On each of the sub- 
sequent 32 training and test sessions each S was 
tested on each of the 25 conditions of S, and Sq. 
Three different balanced sequences of the scale 
factors were used. The Ss were required to 
adjust to the scale factor changes during the 
initial 30 sec. of each trial, which were not scored. 

During the block of sessions assigned to each 
experiment the type of tracking task was held 
constant. The sequence of secondary task 
conditions is given in Table 1. The Ss were 
fully informed of these constant conditions at the 
start of each session. 

Performance criterion —The measure of per- 
formance on each trial was a time-on-target 


score, the time during the 60-sec. scoring period 
that the magnitude of the error was equal to or 
less than an arbitrary reference voltage. The 
critical error voltage for obtaining a time-on- 
target score was .325 v. or 5% of the peak plus 
or minus input voltage from the problem 
generator (which varied between plus and minus 
6.5 v.). This criterion bears a fixed relation to 
any particular value of S, or Sa, and the equiva- 
lent absolute error with respect to the stimulus 
or the response can be determined easily. For 
the smallest display scale of Sg = } in. (or } in. 
to either side of the center of the display), an 
error of 5% is equivalent to .00625 in. or .75 
min. of visual angle to either side of the target; 
for the smallest control scale of S, = 5°, an 
accuracy of + 7.5 min. or + 4.5 mils in position- 
ing the control is required in order to remain on 
target. As long as tracking accuracy varies in 
direct proportion to the display or control scale 
factor, as would be the case if the relation of 
error to stimulus and response amplitude 
followed a Weber-type function, time-on-target 
scores should remain constant as scale factors 
are changed. 


RESULTS 


Tracking performance data for eight 
different secondary task conditions 
and for one condition at two stages of 
practice are shown graphically in Fig. 
4. The parameter for each family of 
curves is the value of S,. Time-on- 
target scores are given on the y axis 
and steps of Sg on the x axis. Each 
point is based on the pooled data for 
all Ss who worked at that set of 
conditions, and for the number of 
sessions indicated in Table 1. 

Visual and motor scale effects —In 
Fig. 4 the degree of separation of the 
curves within each family reflects the 
departure of the control (S,) scale 
effect from a Weber-type relation be- 
tween error and response amplitude, 
and the slope of each of the curves 
indicates the departure of the display 
(Sa) scale effect from a proportional 
relation between error and visual 
stimulus amplitude. In other words, 
if the results of each experiment were 
consistent with a Weber-type func- 
tion, the data for each graph in Fig. 4 
would fit a single horizontal straight 
line. Obviously such is not the case. 
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Fic. 4. Time-on-target scores as a function of control (S.) and display (Sq) scale factors for 
nine experimental tracking tasks. The five categories of Sg are shown on the abscissa of each graph 
and the five categories of S, are shown as separate curves. 


for each experimental condition are indicated in Table 1, and the significance levels of the Sz and S, 


effects are indicated in Table 2. 
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Instead, time-on-target scores tend 
to improve as S, or Sg values are 
increased. Scale effects can therefore 
be called progressive. 

It should be recalled that the 
experimental design employed in this 
series of experiments was chosen to 
maximize the precision with which 
scale effects could be evaluated within 
each of the sets of secondary task 
conditions. Hence each set of data 
for a single set of secondary task 
conditions was subjected to a separate 
analysis of variance. The estimates 
of error used in computing the F 
ratios of (a) S, effects, (b) Sa effects, 
and (c) S. X Sq interaction were the 
(a) S. XS interaction, (6) Sax S 
interaction, and (c) S, K Sa X S in- 
teraction, respectively. The F ratios 
are given in Table 2. Data for the 
standard 30-cpm pursuit task are 
available for all eight Ss at three 
stages of practice; in all other in- 
stances four Ss were used. 

An examination of Table 2 reveals 
that the display scale effect is signifi- 
cantly progressive at the .01 level of 
confidence for all nine sets of data, and 
the control scale effect is significantly 
progressive at the .01 level for all but 
one set of data. 

~The magnitude of the scale effects 
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varied considerably depending upon 
the secondary conditions of the track- 
ing task. Most of the remainder of 
the present section will be devoted to 
the examination of these differences. 
The basis for estimating the mag- 
nitude of scale effects is the value of 
é (10, Formula 220) for each set of 
secondary conditions. These values 
are included in Table 2. Although 
the magnitude of @ is influenced by 
the arbitrary choice of categories for 
S, and Sq (8, p. 63), the use of é as an 
indicant of the relative strength of the 
functional relations represented by 
different families of curves is con- 
sidered justified by the present pur- 
pose since the sets of categories for 
S. and for Sq cover a similar range 
(16 to 1) on a physical scale of 
magnitude, and since the comparisons 
of interest are always those between 
these particular categories as second- 
ary task conditions are varied. 
Interaction effect—From an_ in- 
spection of the data summarized in 
Fig. 4, it appears that relative track- 
ing performance in most cases im- 
proves in an approximately linear 
manner with geometric increments of 
Sa, and that the improvement in time- 
on-target score with geometric in- 
crements in S, is also approximately 


TABLE 2 


Summary or F Ratios rrom SEPARATE 


ANALYSES OF VARIANCE ON Eacu or NINE 


EXPERIMENTAL TRACKING TASKS, AND CORRESPONDING VALUES oF & 























F Ratio é 
Tracking Tasks Ss 
Se Sa | Se xX Sa Se Se Se X Sa 
30 cpm, Pursuit (Days 1-3) 8 19** se | 1.6 69 .88 07 
30 cpm, Pursuit (Days 12-15) 8 Me ilUd’ \ nee 95 90 22 
30 + 20 cpm, Pursuit 4 86** 59** | 1.7 96 | 94 | .14 
30 + 20 + 10 cpm, Pursuit + 67" 86** 4.6** 58 95 47 
30 cpm, Compensatory 4 105** 7** | 21% .96 60 21 
30 + 20 cpm, Compensatory 4 43** 23** 1.6 91 85 13 
30 + 20 + 10 cpm, Compensatory 4 1.7 24** 2.0* 15 85 19 
60 cpm, Pursuit 4 24** 14** 2.8** 85 76 31 
15 cpm, Pursuit 4 - aed | 100** Ke 93 .96 52 














* Significant at the .0S level of confidence. 
** Significant at the .01 level of confidence. 
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linear in the majority of cases. The 
“basic relation between time on target 
(t) and the magnitude of either scale 
factor (S) over the range studied ap- 
pears to be of the general form 


t= A+ BlogS. 


Four of the nine S,. * Sq inter- 
actions evaluated by the analysis of 
variance were significant at the .01 
level of confidence. All four instances 
were conditions in which a pursuit 
display was used. It is apparent 
from Table 2 that the estimated 
magnitudes of the interaction effects 
for the categories of variables used in 
the present experiment in all cases 
except one are small in relation to the 
estimated magnitudes of the cor- 
responding main effects. These re- 
sults are in agreement with the find- 
ings from the two preliminary studies 
in this series (4, 9). 

The interaction between S, and Sq 
effects appears to arise at least in part 
from an increase in the progressive 
nature of the control scale effect as 
display magnification increases from 
} to 4 in. Thus, it appears that as 
the visual display is magnified Ss 
found it increasingly advantageous to 
use a large response motion. This 
was especially true with a pursuit 
display. 

Practice effects —Data for an evalu- 
ation of practice effects are available 
for the 30-cpm pursuit task. This 
task was administered to all eight Ss 
during Sessions 1-3, 12-15, and 31-32. 
The extent of improvement from 
Days 1-3 to Days 12-15 can be seen 
by comparing Fig. 4A and 4B. As 
indicated by an F test, this improve- 
ment is significant at the .01 level of 
confidence. 

A further analysis of the combined 
data for Sessions 1-3 and 12-13 was 
carried out in order to test for the 
presence of any changes in the mag- 
nitude of scale effects with practice. 
The test was made by means of an 


analysis of variance with sessions 
treated as an additional variable. 
Any significant change in the mag- 
nitude of either the visual or the 
motor scale effect as a function of the 
level of practice should appear as a 
significant interaction between train- 
ing sessions and scale effects. The 
interaction of sessions with S, (tested 
against the second-order interaction, 
Sessions X S, K Ss) was found to be 
significant at the .01 level of con- 
fidence. The interaction of sessions 
with S,4 (tested by the second-order 
interaction, Sessions X Sa X Ss) was 
found to be significant at the .05 level. 
Thus, the quantitative results support 
the conclusion that in this task the 
magnitude of scale effects increased 
from the beginning to the end of the 
series. As evaluated by é this inter- 
action with sessions was considerably 
larger in magnitude for S, than for Sq. 

No significant change in perform- 
ance occurred between Sessions 12—15 
and Sessions 31-32. This result lends 
support to the assumption that the 
275 90-sec. practice trials (Sessions 
1-11) were sufficient to bring Ss to a 
relatively stable performance level. 
Therefore, although the experimental 
design was chosen to facilitate anal- 
yses of scale effects within a series of 
self-contained experiments, compari- 
sons of the magnitude of scale effects 
among different secondary conditions 
appear to be justified. For the pur- 
pose of such a comparison it is 
important to note that no significant 
differences existed between Ss 1-4 
and Ss 5-8 either at the beginning or 
at the end of the series of experiments. 

Target frequency—The effect of 
target frequency, for simple harmonic 
target motion, is revealed in Fig. 4I, 
4B, and 4H. Performance was best 
at 15 cpm, almost as good at 30 cpm, 
and poorest at 60 cpm. At the high- 
est frequency (the most difficult 
condition) the advantage of visual 
magnification was reduced; in par- 
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ticular, no improvement resulted from 
increasing Sq beyond 2 in. of mag- 
nification. 

Intricacy of target motion.—Per- 
formance with a compensatory display 
became progressively poorer as target 
motion was made progressively more 
intricate. However, an opposite 
change in performance resulted from 
an increase in target course complexity 
for Ss using a pursuit display. Per- 
formance actually improved slightly, 
although not significantly sp, with 
each increase in intricacy of target 
course. In interpreting these results 
it should be recalled that intricacy 
was produced by adding lower fre- 
quency components to a basic 30-cpm 
signal. The addition of lower har- 
monics was accompanied by a reduc- 
tion in over-all signal power and also 
resulted in a shift of the mean power 
of the input signal toward lower 
frequencies, i.e., a reduction in the 
average rate of target motion. Thus, 
although a complete cycle of target 
motion consisted of a more intricate 
sequence, target motion was slower. 
These two factors, signal power and 
intricacy of wave form, apparently 
affect tracking performance in a 
markedly different way, depending on 
whether the pattern of target motion 
or only tracking error can be observed 
directly on the tracking display. 

The influence of the intricacy of 
target motion on control scale effects 
differed markedly from its influence 
on display scale effects. On the one 
hand, an increase in intricacy resulted 
in a marked reduction in the S, effect 
as indicated by a drop in the mag- 
nitude of e. On the other hand, the 
Sa effect tended to increase slightly 
with target intricacy for both pursuit 
and compensatory conditions. 

The significance of the change in the 
magnitude of visual and motor scale 
effects as a function of the intricacy of 
target motion can be evaluated by 
testing the significance of the inter- 


action term in the analysis of variance 
across levels of complexity. Two 
such analyses were carried out, one 
for the four Ss who were tested under 
three degrees of complexity with a 
pursuit display, and one for the four 
Ss who were tested under the same 
three degrees of complexity with a 
compensatory display. The error 
term used to evaluate the significance 
of the interaction was the second- 
order interaction, Ss X complexity 
X the scale effect in question. For 
the pursuit display the interaction of 
target course complexity with both S, 
and S, was significant at the .01 level 
of confidence. For the compensatory 
display the interaction of target in- 
tricacy with S, was significant at the 
.O1 level of confidence, but the inter- 
action of intricacy with Sa was not 
significant. 


Discussion 


The present investigation covers a 
wide range of both scale factor variables 
and secondary task variables. Never- 
theless, the reader should keep in mind 
that all types of target” motion studied 
were cyclical and therefore predictable, 
that no frequencies outside the band from 
10 to 60 cpm were employed, and that 
only a displacement tracking task was 
studied. In spite of such limitation in 
the range of secondary variables, how- 
ever, the findings with regard to visual 
and motor scale effects appear to support 
a number of rather general inferences as 
to the nature of tracking behavior. 

The finding of greatest generality is 
that an increase in visual stimulus or in 
motor response amplitude is accom- 
panied by a reduction in the ratio of 
error to stimulus and response amplitude, 
respectively. Thus the results do not 
follow a Weber-type function. Several 
probable bases for these progressive 
scale effects can be suggested. 

The visual scale effect—In order to 
track a moving target with small error § 
must make accurate discriminations of 
stimulus magnitude and of stimulus 
rate. Relative accuracy in judging error 
magnitude should improve as the mag- 
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nification of the distance between target 
and cursor is increased from the threshold 
up to some limit. Also, as Senders (12) 
has pointed out, the use of a frame of 
reference improves tracking performance. 
In the present tracking task the 5-in. 
diameter rim of the CRT display served 
as such a reference. The value of this 
frame of reference should increase as the 
limit of cursor motion approaches the 
rim of the CRT display, i.e., as Sq is 
increased. ° 

Effective tracking performance with a 
simple displacement control system and 
a coherent target course requires the 
discrimination of rate as well as position 
information (13), since rate information 
provides a basis for predicting future 
target position. Cursor rate increases 
as Sq is increased, and rate discrimination 


should improve with Sz, up to some limit. ' 


There is no reason to believe, however, 
that the value of Sg that is optimum for 
the discrimination of rate should neces- 
sarily be optimum for the discrimination 
of position. An optimum degree of 
display magnification probably is one 
that affords a good compromise for the 
joint discrimination of position and rate 
information, given a particular type of 
target motion. 

Pursuit vs. compensatory displays.— 
As S improves his performance with a 
pursuit display he continues to have 
available complete information regarding 
target rates and movement patterns. 
However, the better his performance 
with a compensatory display the less 
information he receives, since with 
perfect tracking the cursor as well as the 
target remains motionless in the center 
of the display. Such differences have 
been treated in detail by other writers 
(1, 12). The only. apparent advantage 
of a compensatory display is the greater 
magnification of error that is possible. 
The present results indicate, however, 
that tracking performance with a pursuit 
display is very much better, especially 
for complex but periodic target courses, 
than is performance with a compensatory 
display, even when a 16 times greater 
stimulus magnification is used with the 


5 An alternative procedure would have been 
to reduce the size of the CRT display in pro- 
portion to the reduction in Sg from 4*in. to } in. 


latter display. When S uses a com- 
pensatory display the only way that he 
could learn to predict target motion is by 
continually comparing the proprioceptive 
feedback arising from his own movement 
responses with visually observed error 
information, and by inferring target 
motion to be the difference between 
these two sensory inputs. This is prob- 
ably an extremely difficult analysis. 
Since the performance even of trained Ss 
is so greatly facilitated by the use of a 
pursuit display, it appears possible that 
for predictable target courses initial 
training with a pursuit display might 
result in much greater positive transfer 
to a compensatory display (the kind of 
display used in many military and in- 
dustrial tasks) than would initial practice 
on the much more difficult compensatory 
display itself. 

The motor scale effect—Relative im- 
provement in the accuracy of motor 
responses with an increase in the range of 
the forces applied to a control has been 
noted by previous investigators. Jen- 
kins (7) reported that the ratio of 
variable error to the magnitude of the 
force applied to an isometric control in a 
discrete task decreased up to at least 10 
lb. of force, while Helson (5) found that 
the relative error in tracking both 
uniform- and variable-rate target courses 
decreased as the maximum required 
speed of handwheel turning increased toa 
point near the maximum rate at which § 
was capable of rotating the control 
(about 200 rpm). These results are in 
agreement with the present findings for 
the S, effect. It appears, therefore, that 
the motor system with its associated 
proprioceptive feedback loops is utilized 
most effectively when the full range of 
S’s output capabilities is demanded by 
the task rather than when only a re- 
stricted range of forces or movement 
amplitudes is required. The interpreta- 
tion of these effects is not a simple 
matter, however. An increase in S, 
results in complex changes in both the 
physical and the informational aspects of 
the control process. 

The S, effect was most marked for the 
simplest target courses and least marked 
for the most intricate signal. There is 
no reason to believe that the motor 
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system should experience greater diffi- 
culty, on physical grounds alone, in 
producing the more intricate motion 
pattern since the average rate of motion, 
and therefore the energy required to 
produce the motion, is lower than for a 
single frequency course of the same 
amplitude. It is tentatively concluded, 
therefore, that the reduction in the 
advantage normally associated with a 
large value of S, resulted from the fact 
that Ss found it difficult to learn to 
utilize proprioceptive cues when execut- 
ing the more intricate movement pat- 
terns. If this reasoning is correct the S, 
effect might be expected to continue to 
become increasingly progressive for long 
periods of practice on a complex but 
predictable target course. 

Jenkins and Olson (6) have reported 
an optimum ratio of control to display 
movement, in the case of discrete control 
adjustments, and Helson’s (5) data also 
indicate an optimal range. No such 
clear maxima were found over the range 
of primary and secondary task conditions 
used in the present studies of continuous 
movements, nor do the results offer much 
support for the U hypothesis. The only 
exceptions are an apparent leveling off of 
the progressive nature of the S, effect at 
about 40° of arm movement for the more 
intricate target courses tracked with a 
pursuit display, and a possible leveling 
off of the Sq effect at 2 in. of visual display 
diameter for the highest (60-cpm) fre- 
quency. 

Shift from visual to proprioceptive 
control of movement sequences.—Judged in 
terms of the magnitude of visual and 
motor scale effects the present findings 
indicate a shift in the relative importance 
of visual as contrasted with proprio- 
ceptive or motor factors as the level of 
learning and as secondary task conditions 
changed. Optimum visual stimulus 
magnitude appears to be more important 
than optimum response magnitude (or 
optimum proprioceptive feedback) for 
complex target courses and for early 
stages of practice. Incontrast, optimum 
response magnitude appears to be more 
important than optimum visual condi- 
tions for simple, highly practiced move- 
ment patterns. It is hypothesized that 
this effect reflects a change in the relative 


importance of visual versus propriocep- 
tive information for the control of 
relatively simple but highly learned 
sequences of movements. 

Various writers have postulated a 
gradual shift from visual to propriocep- 
tive control as Ss gain increasing 
proficiency in a motor task, but the 
dependence of such a shift on the 
intricacy of the response sequence has 
not been emphasized. However, it ap- 
pears reasonable that proprioceptive 
feedback arising during a movement 
response should be utilized most effec- 
tively when the movement pattern is 
simple and highly repetitive. Some 
evidence for this hypothesis is furnished 
by the finding that simple and highly 
practiced sequential movements, such as 
those made in walking, rowing, or tap- 
ping at a preferred rate, exhibit extremely 
small variability in temporal and spatial 
pattern (2, 11, 15). 

In apparent disagreement with the 
generalizations drawn from the present 
study is Helson’s finding (5) that the 
beneficial effect of large handwheel mass 
and high ratés of handwheel turning were 
largest early in practice. However, the 
conditions studied by Helson included 
response rates almost seven times higher 
than those used in the present study, a 
more complex target motion, and the use 
of a circular rather than a reciprocal arm 
motion. The net effect of these second- 
ary conditions may have been to make 
Helson’s task one in which Ss were un- 
able to learn repetitive movement pat- 
terns, and thus one in which a shift from 
visual to proprioceptive cues was not 
possible. 


SUMMARY 


The present study investigated the effects of 
visual stimulus and motor response amplitude 
and their interactions in a continuous tracking 
task. Determinations of scale effects wete made 
for eight secondary task conditions including 
both pursuit and compensatory tracking dis- 
piays, three categories of intricacy of the target 
course, and three frequencies of target motion. 

With only one exception relative performance 
improved significantly as display amplification 
was increased from } to 4 in. and as the amplitude 
of required arm control motion was increased 
from 5° to 80°. Thus, both scale effects were 
progressive and a Weber-type function did not 
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hold. However, the extent of this effect varied 
markedly with different tracking tasks. 

As performance improved with practice on 
the standard task (30-cpm target motion with a 
pursuit display) the use of larger amplitudes of 
movement and _ larger display magnifications 
became increasingly beneficial. Larger am- 
plitudes of control motion also became increas- 
ingly beneficial as the visual display scale was 
increased. 

As the target motion was made more intricate 
by the addition of lower harmonics (and con- 
comitantly was reduced in average power) the 
advantage of large amplitude control movements 
was reduced; however, the beneficial effects of 
display magnification increased slightly with 
increasing intricacy of target motion. The 
over-all performance level was severely reduced 
when a compensatory display was used and the 
target course was made more intricate, whereas 
when a pursuit display was used the more 
intricate but somewhat slower target motion was 
no more difficult to track. Pursuit tracking was 
markedly superior to compensatory tracking and 
this superiority was greatest for the most 
intricate pattern of target motion. 

As the frequency of the single-component 
target motion was increased from 15 to 30 to 60 
cpm, the progressive nature of the visual scale 
effect decreased. Rates of target motion in the 
region of 60 cpm appear to exceed an optimum 
discriminatory range when large Sq values are 
used. 

Although visual and motor scale effects could 
be varied independently, the present experi- 
mental procedure did not permit the independent 
study of the effect of variations in proprioceptive 
feedback apart from the effect of a changed 
activity (energy) level in the motor system. 
The relations among the different sets of data, 
however, provide a basis for inferences regarding 
the relative value of position vs. rate information, 
and the relative value of visual vs. proprio- 
ceptive cues, in a tracking task. Changes in 
visual and motor scale effects are postulated to 
accompany a shift from primary dependence on 
visual cues to increased dependence on pro- 
prioceptive information in controlling sequences 
of movements. 
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COMPOUND TRIAL-AND-ERROR LEARNING 
AS A FUNCTION OF RESPONSE 
AVAILABILITY (Ne)! 


CLYDE E. NOBLE 


Louisiana State University 


Among the variables which may 
determine performance in_ solving 
multiple-choice problems is the total 
number of responses available to the 
organism for its use. McGedch (3), 
Melton (4), and Underwood (11) have 
referred to such a variable in terms of 
a “dimension of discovery,” and Riley 
(9) recently demonstrated its influence 
in paired-associate verbal learning. 
The present investigation is con- 
cerned with extensive variations in 
degrees of freedom of action in a non- 
verbal trial-and-error learning situa- 
tion employing human Ss. The term 
response availability will be used to 
denote the number of possible all-or- 
none reactions in a given task or 
problem. Since behavior freedom is 
entirely under £’s control, avail- 
ability is regarded as an independent 
rather than a dependent variable. 
For this concept we shall adopt the 
symbol Np. 

Trial-and-error learning refers to 
adaptive behavior in the classical, 
descriptive sense of the early com- 
parative psychologists. Its objective 
characteristics have been formalized 


1 The experimental work for this study was 
performed as part of the United States Air 
Force Human Resources Research and Develop- 
ment Program. The opinions or conclusions 
contained in this report are those of the author. 
They are not to be construed as reflecting the 
views or indorsement of the Department of the 
Air Force. 

This research was conducted in the Perceptual 
and Motor Skills Research Laboratory, Human 
Resources Research Center. S/Sgt. R. B. Card 
supervised the experiment. A portion of this 
paper was read before the Midwestern Psycho- 
logical Association, April 1954. 
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by Hull (2) and Spence (10). Prob- 
lems of response selection in instru- 
mental learning may appear in either 
the simple (single-link) or the com- 
pound (multiple-link) form. In the 
latter case, a series of basic S-multiple- 
R problems must be solved in a 
coordinated manner. Thus, the para- 
digm for compound trial-and-error 
learning is: S$; ~ Ry, S2— Re, ... , 
S,—R,. From rational considera- 
tions, the difficulty of learning an 
integrated behavior sequence should 
be some positive function of the num- 
ber of alternative reactions (Np) 
available at each choice point. Diffi- 
culty may also be contingent upon 
other variables, such as the distribu- 
tion of practice, pacing or self-pacing, 
the number of links in the chain, the 
reinforcement schedule, the locus, 
delay, and duration of reinforcement, 
and the serial pattern of the required 
acts (homogeneity, alternation, simul- 
taneity). 

The present experiment will in- 
vestigate paced four-link heterogene- 
ous compound trial-and-error learning 
with immediate serial reinforcement 
under seven Ne conditions, holding 
task length constant. Of major in- 
terest will be (a) the difficulty- 
availability relationship, and (b) the 
nature of the basic acquisition curves 
for the various problem situations. 


MeETHOD 


A pparatus.—The learning device is called the 
Selective Mathometer. It is described in detail 
elsewhere by Noble and Farese (8). The ap- 
paratus consists essentially of a semicircular 
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array of 19 pushbutton reaction keys, among 
which S must select the correct responses in 
space and time. Any number of keys can be 
rendered unavailable by a set of removable 
individual wooden blocks which function as key 
covers. When a given key is uncovered it is 
considered an available response. Visual stimuli 
of any type may be presented in paced or self- 
paced sequences by electronically-controlled 
rotary slide projection. Exposure duration and 
dark period are independently variable, and a 
wide range of rates and task lengths is possible. 
Serial reward is given automatically by the on- 
set of a green lamp (secondary reinforcement) 
on S’s response panel following each correct 
reaction. Delay and duration of reward are 
independently variable. Continuous graphic re- 
cording is provided for the time of occurrence, 
sequence, and duration of all responses in 
addition to the onset, duration, and rate of 
stimulus presentation. Magnetic counters also 
cumulate trial, correct, and error data. 

The calibration constants in the present ex- 
periment were as follows: 2-sec. exposure dura- 
tion, 1.44-sec. dark period, 0-sec. reward delay, 
and .75-sec. reward duration. The presentation 
rate was one slide every 3.44 sec. Erroneous 
responses, omissions, or late choices were simply 
not reinforced. 

For this study it was desired that the stimuli 
have no intrinsic differential effects upon be- 
havior. Accordingly, four paralogs were chosen 
from previous research in verbal learning which 
were known to be low in meaningfulness (5) 
and familiarity (7). Their average scale values 
were 1.41 and .67, respectively. These four 
items were prepared as 2 X 2-in. slides to 
constitute a single trial sequence. The inter- 
trial interval, composed of a blank and a cue 
slide, was 6.88 sec. Stimulus presentation 
followed an invariant, paced sequence for each 
experimental condition, but the correct responses 
were required in all four-factorial permutations. 

Seven treatments were given, in which the 
ratio of the number of correct to available re- 
sponses varied as follows: 4/4, 4/5, 4/6, 4/7, 
4/8, 4/9, and 4/10. On S’s response panel the 
keys are numbered from left to right. Keys 4, 
8, 12, and 16 were arbitrarily correct (R,) for 
all seven Np conditions, whereas the correspond- 
ing incorrect keys (R_) were designated as 
follows : 


2 


iR Number of R- Key 

4 none 

5 

6 Bnccccevs 14 

7 5.52 0rs owe 

8 ae eee 
9 ee ae es, * a 
10 2---6--9-11--14---18 


In each condition S’s problem on a given trial 
was to select from among the total possible 
choices the correct sequence of four responses to 
the four stimuli. The S was instructed to use 
the forefinger of his preferred hand in responding. 
Repeated choices were allowed for each stimulus, 
but S was informed that responses made during 
the dark periods would not be scored. The 
criterion of mastery was set at two successive 
correct trials without error. 

Procedure.—The experimental plan utilized a 
simple randomized design, in which the inter- 
action of treatment (availability) and sequential 
(permutation) effects was confounded with in- 
dividual differences. Each of the seven treat- 
ments (m = 48) was administered under the 24 
possible permutations of four reactions, with two 
Ss assigned without bias to each treatment- 
permutation combination. 

The Ss consisted of 336 basic airmen at Lack- 
land Air Force Base, sorted randomly into the 
various treatments within each permutation. 
They were tested individually, and none had 
prior experience with the apparatus. Following 
the experiment, S was isolated from the remain- 
ing pool of Ss in order to prevent artifacts due to 
discussion of the procedure. 


RESULTS AND DISCUSSION 


The general results of the experi- 
ment are shown in Fig. 1. Successive 
correct first choices (R,) are plotted 
as functions of mean trials for the 
seven conditions of response avail- 
ability (Ve). The parameters denote 
the number of available responses. 
It is evident that Nz exerts a powerful 
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Fic. 1. Successive correct first choices as 
functions of mean trials for seven conditions of 
response availability. 
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retarding effect upon the rate of trial- 
and-error learning, in accordance with 
expectation. 

From previous research by Noble 
(6) and Riley (9), it is known that 
difficulty and variability are positively 
correlated in tasks of this type. In 
view of the heterogeneity of variance 
among the treatment means of trials 
to mastery, Friedman’s (1) non- 
parametric analysis of variance test 
was applied to the distributions of 
ranks among the experimental condi- 
tions. This analysis was carried out 
on a 7 X 24 matrix, in which each 
cell entry was a mean of two scores. 
For df = 6, x? = 55.82, which is 
highly significant (p < .001) of differ- 
ences among the criterion perform- 
ances. Difficulty is thus a positive 
function of Np. 

The graphical technique employed 
in Fig. 1 for summarizing the per- 
formance data is adequate for de- 
scriptive purposes, supplanting the 
laborious transformations of the Vin- 
cent method, but the measures do not 
possess any clear theoretical signifi- 
cance. Consequently, by analogy 
with simple conditioning, we turn to a 
consideration of probability of correct 
response (~,) as a function of ordinal 
trials (NV). 

At the outset of compound trial- 
and-error learning, given a large 
number of counterbalanced observa- 
tions, the theoretical probability of 
correct response per choice point 
(1/Nr) should be approximated em- 
pirically by the ratio of the frequency 
of correct (R,) to total (R, + R_) 
responses. A similar but more sensi- 
tive measure, and one somewhat 
easier to compute, is the relative 
frequency of correct intratrial first 
choices (p+), considered as a pro- 
portion of the total possible first 
choices per trial (number of choice 
points X sizeof sample). This quan- 
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Fic. 2. Probability of correct first choice as 
functions of trials for three representative condi- 
tions of response availability (Vr). The circled 
origins are rational and are given by the re- 
ciprocal of Np. 


tity may also be regarded as the 
average p, per choice point, partic- 
ularly since the serial position error 
gradient in this investigation was ap- 
proximately horizontal for all condi- 
tions. For present purposes, Ss 
reaching the criterion of mastery 
were assumed to continue functioning 
at p+ = 1.00 to the limit of training 
required by the slowest S. Now by 
plotting p, as a function of N for 
selected values of Np, it is possible to 
make a comparative study of the 
growth of trial-and-error learning 
proficiency in different tasks within 
a single rational coordinate system. 
This analysis is presented in Fig. 2, 
where the probability of reaction 
evocation curves for the 4/4, 4/6, and 
4/10 conditions has been isolated 
for analysis.. The advantage of this 
measurement technique is at once 
evident: each performance curve origi- 
nates at a hypothetical p, value 
which is indicative of the initial 
chance solubility of the problem. 
Thus, on the zero’th trial the p, 
values for 4, 6, and 10 available 
responses are the reciprocals .250, 
.167, and .100, respectively. These 
theoretical points align themselves ap- 
propriately with the subsequent em- 
pirical functions, incidentally verify- 
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ing the equalization involved in 
permuting the correct behavior se- 
quences. Each curve in Fig. 2 
undergoes brief positive acceleration, 
passes next through an apparent point 
of inflection, and then enters upon an 
extended phase of negative accelera- 
tion as maximum growth is ap- 
proached. All three functions are 
ogival in form, with inflection points 
related positively to Ne and slopes 
negatively related. 


SUMMARY 


The study involved paced four-link hetero- 
geneous compound trial-and-error learning with 
immediate serial reinforcement under seven con- 
ditions of response availability (Ng) and task 
length held constant. Three hundred and thirty- 
six human Ss were used in a simple randomized 
design and the ratios of correct to available 
responses were 4/4, 4/5, 4/6, 4/7, 4/8, 4/9, and 
4/10. To a series of four stimuli presented for 
2 sec. each at a 3.44-sec. rate with a 6.88-sec. 
intertrial interval, S was required to learn an 
invariant sequence of four pushbutton responses. 
The criterion of mastery was two successive 
error-free trials. Response availability was 
manipulated by means of a set of detachable 
covers for the apparatus response keys. 

It was found that Ne exerted a highly 
significant retarding effect upon the rate of trial- 
and-error learning, in accordance with ex- 
pectation. 

Probability of correct first choice (p,) for 
three representative values of Np yielded ogival 
acquisition curves as functions of trials. The 
curves originated at hypothetical p, values 
consistent with the initial chance solubility of 


each problem. The apparent inflection points 
were a direct function of Nz while the acquisition 
rates varied inversely. 
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A TEST OF A MODEL FOR MULTIPLE-CHOICE BEHAVIOR ! 


MARVIN H. DETAMBEL 


University of Southern California and U. S. Navy Electronics Laboratory* 


This paper is concerned with experi- 
ments in which Ss are required to 
predict on each of ¢ trials which event 
of n possible events will occur; it deals 
specifically with experiments in which 
the stimulus that initiates a prediction 
contains no clue as to which event will 
occur (3, 8, 9, 10, 11, 12). A mathe- 
matical model, outlined below, has 
been constructed to describe behavior 
in repetitive multiple-choice situations 
of this sort. In constructing this 
model the author has been greatly 
influenced by the prior work of Estes 
(5), Estes and Burke (6), and Bush 
and Mosteller (1, 2). 

An experimental test of some of the 
model’s predictions is reported. 


Tue Mope. 


We deal with the case of any fixed 
number, , of response alternatives, 4, 
B, C, D, . . . , n, where each response 
alternative is a prediction that a partic- 
ular one of m possible events will occur. 
The dependent variable of the model is 
pA, the probability that on trial ¢ S will 
make prediction 4. 

We assume that p/4 changes on each 
trial, the amount of change, Ap, being 
determined by a mathematical operation 
upon p/4;. This mathematical operation 
is a joint function of a number of factors, 
of which the following are represented in 
the model: 


1. Information given to S on trial ¢, 
2. The number of response alterna- 
tives (possible predictions), 


1 This report covers work on the University 
of Southern California-U. S. Navy Electronics 
Laboratory Joint Project No. 6. It is part of a 
series of investigations under Contract No. 
NObsr-57435 between the Bureau of Ships, 
Navy Department, and the University of 
Southern California in cooperation with the 
U. §S. Navy Electronics Laboratory. The 
experimental work was carried on at the U. S. 
Navy Electronics Laboratory. 

? Now at the University of Illinois. 
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3. 6, a parameter which varies in 
value among Ss, but is assumed constant 
for a given experiment. @ is the equiva- 
lent of @ in Estes and Burke (6). 


In mathematical notation, 


PAu: = pAr t+ Apa, (1) 
where 


Apa, = f(pAi). (2) 


Proceeding toward a statement of the 
particular function which Ap is of 
p4., we shall consider two classes of 
experimental operations for giving S 


information about the events being 
predicted: 
Contingent class —Under this class of 


operations the information given to S§ 
on any trial is dependent upon the 
prediction he makes on that trial. If he 
predicts the event which in fact occurs 
on that trial, he is informed that he has 
predicted correctly; if he predicts any 
other event, he is informed that his 
prediction was incorrect.” 

Noncontingent class —Under this class 
of operations the information given on 
any trial is independent of the prediction 
S makes. Following each prediction § 
is informed which event actually o¢curred 
on that trial, i.e., which prediction was 
correct on that trial. 

In the two sections which follow 
specific relationships are postulated be- 
tween these informational procedures 
and response probability, and a number 
of predictions are derived concerning Ss’ 
performance in multiple-choice  ex- 
periments. 


Noncontingent Procedure 
4 


As indicated above, at the conclusion 
of each trial in the noncontingent 
procedure, S is informed which prediction 
was correct onthattrial. As others have 
done, we assume that the information 
that a particular prediction was correct 
increases the likelihood of future oc- 
currence of that prediction. Specific- 
ally, the increase in probability is 
assumed to be proportional to the 
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maximum possible increase. Thus, in- 
formation that 4 was the correct predic- 
tion on trial ¢ results in 


ApA, = 0(1 — padi). (3) 


Similarly, when at the conclusion of a 
trial S is informed that a not-A predic- 
tion, e.g., prediction B, was correct, 
there is assumed to be an increase in pB 
proportional to its maximum possible 
increase. Since the probabilities of the 
n possible predictions must total 1.0 at 
all times, any change in the probability 
of one must be accompanied by a change 
in the probability of at least one other 
prediction. We assume specifically that 
when an experimental operation increases 
the probability of one of the predictions 
there is a compensatory decrease in the 
probability of each of the other predic- 
tions, the amount of probability decre- 
ment for each alternative being 
proportional to the maximum possible 
decrement. Thus, the change in pd 
resulting from information that B was 
the correct prediction on trial ¢ is 


Apa; =< Op Ai. (4) 


In a random reinforcement situation, 
if we let r4, rB, xC, , wn represent 
the proportion of trials on which 4, B, 

. «+, are correct, Equation 3 will 
be applicable on 74 of the trials and 
Equation 4 on (wB + 27C+...+ 77) 
or (1 — 7A) of the trials. Then the 
average or expected change in probability 
of 4 on trial ¢ is given by the relation 


EAp A: = 0(1 — pi) (x A) 
— 0(p4,)(1 — 2A) 
= O(4A — pA). (5) 


Now, substituting Equation 5 for 
ApA; in Equation 1, the expected 
probability of 4 on any trial can be 
expressed, given its probability on the 
immediately preceding trial. If the 
probability on the first trial of an experi- 
ment is pj, then on the second trial 


EpAz = pA: + O(n A — pA) 
= 0(7A4) + pA,(1 — 8), 
on the third trial 


Epa; 
= 0(44) + pAi(1 — 8) 
+ O{rA — [0(rA) + pAi(1—4)]} 


6(x A) + (1 — 8) 
x [0(4 4) + pAi(1 — 4)] 


= 4A — (4A — pAi)(1 — 8)’, 


and so on for successive trials. In 
general, it can be shown that on trial 


(¢ + 1) 


EpAisi =A 
— (4A — pA,)(1 —6)'. (6) 


Since @ is a quantity between 0 and 1, 
Equation 6 is seen to be a negatively 
accelerated curve beginning at p/4; and 
approaching 7/4 asymptotically. 

An expression equivalent to Equation 
6 has been presented by Estes and 
Straughan (7) for the special case of 
n= 2. If the assumptions underlying 
the present model are correct, the same 
equation applies for all n, » > 2, and 
given a constant 7/4 and @, the same 
asymptotic value will be approached at 
the same rate regardless of the number 
of alternative predictions available to §. 


Contingent Procedures 


We shall consider only the class of 
contingent experiments in which one of 
the predictions 4 is correct on some pro- 
portion 7/4 of its occurrences and incor- 
rect on the remaining (1 — 74), and all 
other predictions are always incorrect. 

When S predicts 4 and is informed 
that his prediction was correct, the condi- 
tions have been met under which 
Equation 3 was said to be applicable. 
Therefore, since (p4:)(4) is the joint 
probability of 4 occurring and being 
correct on trial ¢, the contribution of 
correct 4 predictions to the average or 
expected probability change on any trial 
is 0(1 — pA:)(p As) (mr A). 

On those trials when S predicts 4 and 
is informed that his prediction was in- 
correct, he is not told which of the re- 
maining m — 1 predictions was correct.* 
Such information is assumed to reduce 


3 However, in the case of two alternatives, 
one of which must be correct, the information 
‘A was incorrect” is logically equivalent to the 
information “B was correct,” and both pieces 
of information may be expected to have equiva- 
lent effects upon p4. Consideration of this 
special case led to use of the same constant of 
proportionality, 6, in the expressions for prob- 
ability increments (Equation 3) and decrements 
(Equation 8). 
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the probability of 4 by an amount 
proportional to the maximum possible 
decrease. Thus, information that 4 was 
an incorrect prediction on trial ¢ results in 


Apa; = — Op. (8) 


Since the probability of incorrectly pre- 
dicting 4 on any trial is (p4,)(1 — 74), 
the contribution of such events to the 
average probability change on any trial 
is (— 6p 4:)(p A.) (1 — wr). 

Whenever prediction of a not-A alter- 
native occurs, S is informed that he has 
predicted incorrectly, resulting, in re- 
duced probability of that not-A alter- 
native. Again, in order for the n 
probability values to total 1.0, there 
must be a compensatory increase in the 
probability of at least one alternative. 
It is assumed that the compensatory 
increment is distributed among a// of the 
other predictions in proportion to the 
maximum possible increment of each. 
Therefore, the change in p@ resulting 
from information that B was an incorrect 
prediction on trial ¢ is expressed by the 
relation 


ApA. = OpB: 

x (1—p/:) 
(1—p Ai) +(1—pC;) 
+(1—pD.)+...+(1—pm) 

1 — pA 
n —2+ pB 





or substituting as an approximation for 
pB, the mean probability of not-4 
1 — pA, 


alternatives, i 


, we have 





ApA: = 0 (+=!) 
n—1 
1- par 
n—2+ . pds 
n—1 
Che 2 
-9 ( pA) (10) 





(n—1)(n—2)4+1-—pAr 


Equation 10 multiplied by the prob- 
ability of not-A alternatives (1 — p/,) 
is the contribution to expected prob- 
ability change that results from incorrect 
predictions of not-A alternatives. 

Now, by combining the contributions 
to EApA, made by (a) correct predic- 
tions of 4, (4) incorrect predictions of 4, 


and (c) incorrect predictions of not-4 
alternatives, we have 
EApA; 

—6(pA:)(p 41) (1—2 4) 


(1 —pA;)* 
+6(1—p A) | mp 35 | 





= 6 [ (e40(ea-p 


(1—p4,)* 


+o (11) 





By substituting Equation 11 in Equa- 
tion 1 and following the procedure used 
in deriving Equation 6 it can be shown 
that in the special case of m = 2 


EpAis = ems age 


1 , 
(; — wd p4:) 

[1 —0(2 —A)]}. (12) 
When 0@(2 — 2/4) > 1, this function 
oscillates about the value ~: How- 

2-—7A 

ever, experimental evidence indicates 
that values of @ are sufficiently small so 
that 6(2 — rd) <1. Under these cir- 
cumstances Equation 12 is a negatively 
accelerated curve beginning at p4, and 


approaching asymptotically. 


1 
2-—7A 
For +A = 1 Equation 12 reduces to 
Equation 6, and both the contingent and 
noncontingent curves approach an asymp- 
tote of 1.0 at rates determined solely 
by 6. For all other values of #4, with 
fixed 0, 0(2 — rd) > 8, i.e., the learning 
rate parameter is always greater in the 
two-alternative contingent case than in 
the noncontingent case. 
The asymptotes of Equations 6 and 12 
have already been given as m4 and 
1 


2-24 
<1 implies r/4 < 


It is easy to show that 0 < r4 


oy and there- 
fore it is a characteristic of the model 
that for fixed 4 the asymptote is always 
lower in the noncontingent case than in 
the two-alternative contingent case. 
The asymptotes of the two curves will be 
the same when 7/4 (noncontingent) 
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Fic. 1. Illustrative curves showing prob- 


ability of A response as a function of number 
of trials for experimental conditions described in 
the text. For all curves @=.1, and initial 
probability is 0. 


1 ion 
- 2 — A (contingent) we conven 
having this relationship are shown in 
Fig. 1. 

For n 2 3 no statement of Ep has 
been found that is comparable in brevity 
and computational ease to Equations 
6 and 12. However, for any n, prob- 
ability curves can be generated by 
computing a series of solutions to 
Equation 1 for trials 1, 2,3, ... ,¢. 

Several illustrative curves are shown 
in Fig. 1. The curves for the contingent 
case were computed using Equation 11 
as the statement of EAp4,, with r4 
= .4, and separate computations for 
n = 2, 4, and 8. In the curve for the 
noncontingent case 4 = .625. In all 
four curves 6 = .1 and p4, = 0. 

If we think of Ep; as the expected 


t 
frequency of A on trial ¢, then >> Ep 4, 
T=1 
is the number of 4 responses that will be 
expected to occur in ¢ trials. Such sum- 
mations over trials were computed for 
the curves in Fig. 1, resulting in the 
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curves, produced by summing, over trials, the 
probability functions in Fig. 1. 


Illustrative cumulative frequency 


cumulative response curves of Fig. 2. 
Curves of this sort are particularly useful 
when a comparison is to be made be- 
tween model-predicted performance and 
the performance of one S§ or a small 
group of Ss. 

In the contingent curves in Fig. 1 it 
will be noted that, with constant 7/4 
and @, both the asymptotes and rates of 
change decrease with increasing n. 

Also, as Fig. 1 suggests, the predicted 
curve becomes sigmoid as m increases. 
The precise conditions under which the 
s shape should appear in experimental 
data have not been investigated. 

By setting Equation 11 equal to zero 
and solving, it can be verified that, with 
mA constant, the asymptotic value de- 
creases as the number of alternatives 
becomes larger. The asymptote is 
year” for n = 2, and decreases, ap- 
proximating #4 more and more closely 
as nm is increased. 

In a similar way, Equation 11 can be 
used to demonstrate that with constant 
asymptote and 0, 7 is an increasing 
function of m, and the learning rate 
parameter a decreasing function of n. 


Tue EXxpEerRIMENTS 


One of the reported experiments 
utilized the values of m and 7/4 used in 
constructing the curves in Fig. 1 and 2. 
Except for the choice of 6 and pAu, 
which may vary from S to S, these 
curves should describe the results of 
the experiment if the model is to be 
considered descriptively adequate. 

The second experiment was an 
attempt to gain some information 
about the parameter @. In the first 
experiment in which S participates 6 
is a curve-fitting constant. It is 
possible, however, that after the value 
of @ has been determined for an 
individual in one experiment, this 
value can be used in predicting his 
performance in other experiments. 
This will be true if @ remains constant 
or if it changes in some known way 
from experiment to experiment. On 
the assumption that we should be 
able to evaluate 6 from the daia of the 
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experiments outlined above, all Ss 
were run in a second experiment in an 
effort to determine what change in 
6, if any, would occur. 


METHOD 


Forty-eight students at San Diego State 
College were paid to participate in two short 
experiments. Total time required of each S was 
about 45 min. 

The E and S sat on opposite sides of a table 
with a large opaque screen separating E and his 
apparatus from S. The S was seated before a 
metal box mounted so that the face of, the box 
slanted away from him at a 45° angle. 

The box contained a horizontal row of eight 
push buttons at 1j-in. intervals, and 3} in. 
above the buttons, a parallel row of eight small 
electric lights. Each light was directly above 
a button and each button-light pair was joined 
by a heavy line so there would be no mistaking 
which light was paired with which button. All 
eight pairs of lights and buttons could be ex- 
posed, or cover plates could be bolted to the 
response box so as to expose only two or four 
pairs. 

In both experiments S’s task was to predict 
on each of 200 trials which one of the n lights 
could be turned on; the prediction was made by 
pushing the button paired with the predicted 
light. A buzzer, activated for .5 sec. at regularly 
spaced 4.5-sec. intervals, was the signal for 
S to indicate his prediction. 

In Exp. I, Ss in the Noncontingent group 
(NC) were told that one or another of the lights 
would be turned on each time they pushed a 
button, and that they were to try always to 
push the button paired with the light that would 
be turned on. The lighting of a light following 
each prediction informed S which button he 
should have pushed on that trial. 

In Exp. I, Ss in the Contingent group (C) 
were told that on each trial one or another of the 
lights could be turned on, that they should 
predict which light could be turned on and 
indicate their prediction by pushing the button 
paired with the predicted light. Here a correct 
prediction was indicated if a light was turned 
on; incorrect predictions never turned on a light. 
Under this procedure S was informed whether 
his prediction was correct or incorrect, but if 
incorrect he was not informed which prediction 
was the correct one to have made on that trial. 

The E secretly designated one of the buttons 
the “4 alternative.” Under every condition 
of the first experiment each of the available 
buttons was 4 for an equal number of Ss. 

In the NC group the 4 light was turned on 
following a randomly determined 62% of the 
200 responses; this is as close an approximation 
as the apparatus permitted to the r4 = .625 
which is a parameter of the broken curves in 
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Fic. 3. Cumulative 4-response curves for 
the Noncontingent groups, Exp. I. 


Fig. 1 and 2. Each of the not-A lights lighted 
about equally often on the remaining 38% of the 
200 trials. 

In the C group the 4 light was turned on by 
40% of the predictions of 4; this corresponded 
to the parameter +4 = .4 in the solid curves of 
Fig. 1 and 2. Under this procedure the not-4 
lights never lighted. 

The 24 NC Ss were equally distributed among 
the NC-2, NC-4, and NC-8 subgroups. The 
numeral indicates the number of button-light 
pairs available to S. Similarly, the 24 C Ss were 
equally distributed among the C-2, C-4, and 
C-8 subgroups. 

After 200 trials S rested about 5 min. before 
beginning Exp. II. During this interval £ 
prepared his apparatus for the contingent, four- 
alternative procedure (C-4). Then, after ap- 
propriate instructions, all Ss were given 200 
trials under the C-4 procedure. In this experi- 
ment the 4 button was the third button from 
the left for all Ss except eight for whom 4 was 
the second button from the left. Four of these 
eight Ss were in the C-2 group in Exp. I, and 
four were in the NC-2 group. 

All Ss’ predictions were recorded auto- 
matically on a moving paper tape. 


Results 


Experiment I 


Noncontingent procedure.—Figure 3 
consists of cumulative frequency 
curves for the three NC groups. The 
plotted points represent the number 
of A responses per S that occurred 
during the first 10, 20, 30, . . . , 190, 
200 trials of Exp. I. 

An analysis of variance for repeated 
measurements on the same Ss was 
performed, using as a response meas- 
ure the number of 4 responses within 
successive 20-trial blocks (4, p. 288). 
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Fic. 4. Cumulative A-response data for 


the combined Noncontingent groups, with a best 
fitting curve generated by the model. 


This analysis shows statistically sig- 
nificant differences due to trials (F 
= 8.63, 9 and 189 df, p < .01). Not 
statistically significant are the small 
differences among groups in total 4 
responses (F = 2.13, 2 and 21 df), 
and differences due to interaction 
between trials and treatments (F 
= 1.18, 18 and 189 df). In the 
absence of evidence that the groups 
differed systematically, the data from 
the three groups were combined into 
the cumulative response curve of 
Fig. 4. The circles represent ob- 
served frequencies. The solid curve 
was generated by the model, using 
6 = .06 and pA, = .24. 

Contingent procedure.—Cumulative 
A-response data for the three C 
groups are presented in Fig. 5. Sig- 
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Fic. 5. Cumulative 4-response data for the 

Contingent groups, Exp. I. Model-generated 

curves are fitted to the data obtained during the 

early trials. 


nificant differences in frequency of 4 
responses are attributable to trials 
(F = 12.29, 9 and 189 df, p < .01), 
treatments (F = 6.22, 2 and 21 df, 
~ < .01), and interaction between 
trials and treatments (F = 1.52, 18 
and 189 df, p < .05). 

The model-generated curves in Fig. 
5 are good representations of the data 
over at least the first 80 trials, but in 
later trials they underestimate the 
rate of occurrence of 4. The differ- 
ence between predicted asymptotic 
frequency of A responses and the 
observed frequency during the final 
30 trials was significant for the C-4 
group (t = 2.60, 7 df, p < .05) but 
not for the C-2 and C-8 groups. On 
this evidence, and assuming that the 
groups had attained a stable response 
rate, we could argue that the model 
adequately predicted asymptotic fre- 
quency of 4 responses for two of the 
groups. This is not a very con- 
vincing argument however, and it is 
further weakened by the fact that the 
groups did not differ significantly from 
one another in frequency of 4 re- 
sponses during these 30 trials (F 
= 1.68, 2 and 21 df). These facts 
suggest that during these 30 trials 
within-groups variance was suffi- 
ciently large to prevent rejection of a 
variety of null hypotheses. 

Under informal questioning at the 
conclusion of the experiment many Ss 
stated their belief that in the pro- 
cedure which allowed only correct 
predictions to turn on lights, only one 
of the buttons was ever correct. 
Many Ss said that for this reason 
they selected this one button on most 
trials, only occasionally pushing an- 
other to be sure the situation had not 
changed. This decision that only one 
alternative was ever correct seems to 
manifest itself rather suddenly in the 
data of anumber of Ss. For example, 


in Fig. 6 are plotted the cumulative 
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Fic. 6. Cumulative 4-response curves for two Ss under the C-4 procedure, showing abrupt 
increases in frequency of 4 response at about Trial 84. The solid lines are model-generated curves 


of best fit. 


response curves of two Ss. The solid 
curves generated by the model show 
that Ss were responding in agreement 
with the model for some 80 trials, and 
then abruptly increased their relative 
frequency of 4 responses. Such “in- 
sights” are at least partially respon- 
sible for the greater than predicted 
rate of A responses during the later 
trials of both experiments. To avoid 
misrepresentation it should be pointed 
out that the curves of many Ss did not 
fit the model as exactly as the data 
plotted in the early trials of these two 
examples. 


Experiment II 


Cumulative A4-response curves for 
Exp. II are presented in Fig. 7. 
Significant differences in frequency of 
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Fic. 7. Cumulative 4-response curves, 
all groups, Exp. II. 


A responses are attributable to trials 
(F = 37.87, 9 and 476 df, p < .01), 
and Trial X Treatment interaction 
(F = 1.92, 45 and 476 df, p < .01). 
Differences due to treatments were 
not statistically significant (F 
< 1.00). 

Since all groups were run under 
identical conditions in Exp. II, the 
significant Trial X Treatment inter- 
action is evidence of differential 
transfer effects produced by the 
several procedures employed in Exp. I. 

While the procedures of Exp. I 
differentially affected the rate of 
growth of the curves in Exp. II, they 
did not produce differences in the 
final relative frequency of 4. Differ- 
ences in number of 4 responses during 
the final 30 trials are not statistically 
significant (F < 1.0). Further, no 
group’s performance differed signifi- 
cantly from the C-4 group’s frequency 
of A during the final 30 trials of 
Exp. I. This was established by a t 
test of the largest such difference 
(t = 1.07), and since this difference 
was not statistically significant, it was 
presumed that the smaller differences 
would also be nonsignificant. 

In summary, when the C-4 pro- 
cedure was used, the same final rate of 
A occurrences was approached regard- 
less of the amount or type of previous 
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experience, but the rate of approach to 
this final level was differentially af- 
fected by previous experience in a 
similar experiment. 

The data of Exp. II do not permit 
any precise evaluation of the par- 
ameter 0. Because “insights” of the 
sort mentioned above occurred for 
more Ss and after fewer trials than in 
Exp. I, model and data parted com- 
pany after approximately 49 trials. 
Even though the model can provide 
curves that fit the data over the first 
40 trials, the fact that some of the 
abrupt shifts to a high probability 
level occurred within these early 
trials suggests that the resulting 6’s 
would be spuriously high. 

Available data do not indicate how 
the model should be modified to take 
into account the suddenly increased 
rate of 4 responses exhibited by some 
Ss under the contingent procedure. 
Studies relating experiment and sub- 
ject parameters to occurrence or non- 
occurrence of sudden _ probability 
changes, and to the date and extent of 
such changes, may lead to useful 
modifications of the model. 


SUMMARY 


A mathematical model was outlined for 
experiments in which Ss are required to predict 
on each of t trials which event of n possible events 
will occur. An experimental test of some of the 
model’s predictions was described. 

Excellent agreement between data and model 
was found when Ss were informed, following 
each of their predictions, which one of the n 
possible events actually did occur. Here, the 
probability that S will predict a particular one 
of the events is a negatively accelerated growth 
or decay function of trials, approaching as a 
limit the relative frequency of the event being 
predicted. 

When Ss were informed only that their 
prediction was correct or incorrect, model- 
generated curves fitted the response data over 
the early trials of the experiment, but failed to 
do so in later trials when some Ss abruptly 
increased their frequency of prediction of one 
of the alternatives. Under these conditions the 


model predicts negatively accelerated probability 
functions when n is small, sigmoid functions for 
larger n’s. The experiment confirmed the 
prediction that rate of change of the probability 
function is negatively related to n, but failed 
to verify the prediction that asymptotic prob- 
ability decreases with increasing n. 


REFERENCES 


1. Busu, R. R., & Mostetier, F. A mathe- 
matical model for simple learning. 
Psychol. Rev., 1951, 58, 313-323. 

. Busu, R. R., & Mosretier, F. A model 
for stimulus generalization and discrimi- 
nation. Psychol. Rev., 1951, 58, 413-423. 

. DeramBet, M. H. A reanalysis of Hum- 
phreys’ “acquisition and extinction of 
verbal expectancies.” Unpublished 
master’s thesis, Indiana Univ., 1950. 

4. Epwarps, A. L. Experimental design in 
psychological research. New York: Rine- 
hart, 1950. 

. Estes, W. K. ‘Toward a statistical theory 
of learning. Psychol. Rev., 1950, 57, 94- 
107. 

6. Estes, W. K., & Burke, C. J. A theory of 

stimulus variability in learning. Psychol. 
Rev., 1953, 60, 276-286. 

7. Estes, W. K., & Srraucuan, J. H. Anal- 
ysis of a verbal conditioning situation in 
terms of statistical learning theory. 
J. exp. Psychol., 1954, 47, 225-234. 

8. Grant, D. A., Hake, H. W., & Hornseru, 
J. P. Acquisition and extinction of a 
verbal conditioned response with differing 
percentages of reinforcement. jJ. exp. 
Psychol., 1951, 42, 1-5. 

9. Grant, D. A., Hornsetn, J. P., & Hake, 
H. W. The influence of inter-trial 
interval on the Humphreys’ “random 
reinforcement” effect during the extinc- 
tion of a verbal response. J. exp. 
Psychol., 1950, 40, 609-612. 

Hake, H. W., & Hyman, R. Perception of 
the statistical structure of a random 
series of binary symbols. J. exp. Psy- 
chol., 1953, 45, 64-74. 

11. Humenreys, L. G. Acquisition and ex- 
tinction of verbal expectations in a 
situation analogous to conditioning. 
J. exp. Psychol., 1939, 25, 294-301. 

12. Humpureys, L. G., Mruuer, J., & Evtson, 
D. G. The effect of the inter-trial 
interval on the acquisition, extinction, 
and recovery of verbal expectations. 


J. exp. Psychol., 1940, 27, 195-202. @i 


Nm 


w 


wn 


© 


10. 


(Received March 16, 1954) 








Ve 


iz 


= Om wb 7 Sot ty ss OO 


ac —=- «= ae A fF es OULU C8 


as 





lity 
for 
the 
lity 
iled 


rob- 


LKE, 
trial 
lom 
inc- 
(Xp. 


n of 
lom 
Reais 





Journal of Experimental Psychology 
Vol. 49, No. 2, 1955 


STIMULUS GENERALIZATION OF AN 


INSTRUMENTAL 


RESPONSE AS A FUNCTION OF THE NUMBER 
OF REINFORCED TRIALS! 


GARRY MARGOLIUS 


Boston University 


The existence of stimulus general- 
ization and stimulus generalization 
gradients has had ample empirical 
verification since Pavlov (43) and 
Anrep (1) first reported data relevant 
to the concepts (2, 3, 4, 6, 8, 9). 
Despite the abundance of such demon- 
strations there is little information 
available pertaining to the many 
possible parameters of generalization 
gradients. It is felt that if data were 
made available as\ to’ possible changes 
in the generalization gradient follow- 
ing the manipulation of one or more 
variables in the experimental situation 
then predictions based upon the 
concept would obtain a higher degree 
of precision] (11, 12, 16). 

A positive relationship between 
absolute generalization and the num- 
ber of conditioning trials has been 
reported by Hovland (7, 10). Rela- 
tive generalization, however, was 
found to increase during the initial 
conditioning trials but progressively 
declined with additional training. 
Unfortunately, as only one of the 
many possible generalization test 
points was investigated we have no 
available data on gradient changes 
as a function of training trials in the 
classical conditioning situation. The 


!'This article is based on a dissertation 
submitted to the Graduate School of the State 
College of Washington in partial fulfillment of 
the requirements for the Ph.D. degree. The 
author wishes to express his appreciation to 
Dr. David Ehrenfreund for his advice and 
cooperation during the course of this research. 
A summary of this paper was read before the 
American Psychological Association meeting in 
Cleveland, 1953. 


findings of Razran (15), based upon a 
survey and analysis of the Russian 
literature, are in essential agreement 
with those reported by Hovland. 
Once again, the absence of data 
relevant to gradient changes limits 
the generality of the findings. 

The present study was designed to 
enable observations of changes in the 
generalization gradient as the number 
of reinforced training trials is in- 
creased. More specifically, the study 
was viewed as an attempt to in- 
vestigate the relationship existing 
between generalization gradients and 
training trials when the stimulus 
dimension is area, the S an albino rat, 
the method of training is instrumental 
conditioning, and the. degree of gen- 
eralization is measured by several 
possible criteria. It was felt that if 
rats were first trained to make a 
specific response to a training stim- 
ulus, and then after varying amounts 
of such training each rat was tested 
at one of several possible points on the 
stimulus continuum, several general- 
ization gradients would be made 
available for analysis. 


METHOD 


Subjects —The Ss were 163 experimentally 
naive male albino rats from the colony main- 
tained by the psychology department of the 
State College of Washington. The ages ranged 
from 92 to 126 days at the beginning of the 
experiment. 

Apparatus.—The apparatus, similar to that 
described by Grice (5), was a 24-in. runway, 
5 in. wide, 6 in. high, and covered with glass. 
It contained vertically sliding doors at each end, 
and onein the center. The runway was mounted 
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on a centered pivot so that either end could 
become in turn the start sector, and the response 
sector. A detachable 2-in. continuation of the 
runway contained the stimulus in use. The 
stimuli were white circles of 79, 63, 50, 32, and 
20 sq.cm. in area, cut from 3/32-in. aluminum. 
Each circle was fastened to a panel by means of 
a 2-in. bracket. When a panel was inserted in 
the runway continuation the stimulus was flush 
with the end of the runway and equidistant from 
the floor, top, and side walls. A centered, 
counterweighted, 1 sq.-in. door set flush with the 
circle surface opened directly on a food cup. 
Two 10-w. incandescent bulbs provided all the 
light in the experimental room. They were 
placed 8 in. from the end of each sector of the 
runway, and both lights were 14 in. above the 
floor of the runway. Trial latencies were re- 
corded on a Standard Electric Time clock. 

Preliminary training.—Ten days before train- 
ing all Ss were placed on a food maintenance 
schedule. This consisted of a l-hr. daily feeding 
period which followed the training session by 
1 hr. The preliminary training occupied four 
days, during which all Ss were treated alike. 

On Days 1 and 2 S was taken to the experi- 
mental room at the time of regular feeding and 
placed in an 8 in. long, 4 in. wide, 5 in. deep 
black box which was illuminated by a 10-w. 
incandescent bulb placed 14 in. above the floor. 
Food pellets, similar to those used in training, 
were scattered about the floor, and S was 
allowed to eat freely for 20 min. The S was 
then returned to an individual feeding stall in 
the animal room, and allowed to eat for 40 min. 

On Day 3 S was placed in the response end of 
the runway with the center door lowered. The 
food door in the 79 sq. cm. stimulus circle was 
open, and S was allowed to seize and eat a 100- 
mg. pellet placed in the food cup. After S had 
seized the pellet the vertical door in front of the 
stimulus was lowered and another pellet was 
placed in the food cup. When S had consumed 
ten pellets he was removed for 15 min. The 
runway was then rotated, and S was returned 
to the apparatus and allowed to remove and eat 
ten additional pellets from the open food door. 
The vertical door in front of the stimulus was 
lowered for approximately 1 min. after each 
pellet was secured. 

On Day 4, after the first pellet was secured, 
the runway was rotated with S in the apparatus. 
The center door was then raised and S walked 
the length of the runway to obtain the second 
pellet. Following removal of the pellet from 
the food cup, both the door in front of the 
stimulus and the center door were lowered. For 
each succeeding pellet the runway was rotated, 
and for each succeeding pellet the food door in 
the stimulus circle more closely approximated 


the closed position. For Pellets 9 and 10 the 
door was almost completely closed. Nine Ss 
failed to complete pretraining and were dis- 
carded. 

Reinforcement training—The first two in- 
strumental training trials began as a con- 
tinuation of preliminary training on Day 4. 
A trial was run in the following manner. The S 
was placed in the starting compartment with the 
center door lowered. As soon as S faced the 
center door, the door was raised, starting a 
chronoscope. When S pushed in the closed 
food door of the 79 sq.cm. circle, stopping the 
chronoscope, both the door in front of the 
stimulus and the center door were lowered and 
the runway was rotated. After S consumed the 
obtained pellet and was once again facing the 
center door, the next trial was given. All 
reward pellets used during training weighed 
approximately 200 mg. 

The Ss that completed preliminary training 
were randomly assigned to one of six groups. The 
groups differed only in terms of the number of 
reinforced trials to the 79 sq.cm. circle that they 
were to receive. The number of Ss in the 0, 4, 
16, 64, 104, and 164 reinforced trial conditions 
was 7, 35, 35, 35, 35, and 7, respectively. The 
spacing of training trials following the first two 
reinforcements on Day 4 was as follows. The 
group that received four reinforced trials 
received Trials 3 and 4 on Day 5 which was also 
their generalization test day. The 16-trial 
group received 12 trials on Day 5, and Trials 
15 and 16 on Day 6, their generalization test day. 
The 64-, 104-, and 164trial groups received 20 
trials a day for the necessary number of days, and 
then received two additional trials on the 
generalization test day. Thus all training 
groups received their first two trials as a con- 
tinuation of pretraining on Day 4, and their last 
two training trials on their test day. The group 
that received no reinforced trials following 
preliminary training received no reinforced trials 
on its test day. 

Generalization tests —The Ss in reinforcement 
groups 4, 16, 64, and 104 were divided into five 
test groups corresponding to the 79, 63, 50, 32, 
and 20 sq.cm. circles. After the final two 
reinforced responses to the 79 sq.cm. circle S 
was tested for generalized response strength by 
30 nonrewarded or extinction trials to the 
stimulus being investigated. The Ss in both 
the 0-trials group and the 164-trials group were 
tested only on the training stimulus. This 
made available for later analysis performance 
at both extremes of the reinforcement schedule. 
Test trials were similar to training trials except 
that during the extinction trials the food door 
was locked so that it opened only } in. and the 
food cup was empty. For Ss being tested on 
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the 79 sq.cm. circle a new identical stimulus was 
substituted. If S failed to respond within 60 
sec. the trial was scored as a failure of response. 
The apparatus and procedure utilized during 
the test series made available for analysis three 
response criteria. 

The response criteria were: (a) Latency: As 
the chronoscope was started when E raised the 
center door and as it was stopped when S 
pushed in the food door, a latency measure was 
available for each test trial. Each latency 
measure was expressed in terms of its reciprocal 
to facilitate comparison with the other criteria. 
(b) Total number of responses: As each S was 
given 30 opportunities to respond te the test 
stimulus, a simple counting of the number of 
responses out of 30 was considered as one 
measure of response strength. (c) Number of 
responses in 60 sec.: After each trial the chrono- 
scope was reset to zero. However, by adding 
each succeeding latency in a cumulative fashion 
until the total of 60 sec. was reached, a criterion 
expressing the number of responses within a 
specified time limit was made available. 


RESULTS 


Absolute generalization.—The recip- 
rocal of the median latency for the 
first three test trials X 1000 was com- 
puted for all stimuli tested at all 
levels of training. The data are 
presented graphically in Fig. 1. Here 
the latency index is plotted as a 
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Fic. 2. Generalization gradients based on 
responses in 30 test trials as a function of 
stimulus area and training trials. The 0- and 
164-trial training groups have not been included. 


function of area of the test stimuli in 
logarithmic units. For this criterion 
the gradients are negatively acceler- 
ated for all training levels. Further, 
all gradients indicate a positive rela- 
tionship between absolute general- 
ization and training: It may be 
noted that a plot of the first test trial 
latencies resulted in gradients that are 
in essential agreement with the data 
presented here. 

Test responses of the 0- and 164- 
trial groups were obtained so that an 
evaluation of response strength to the 
training stimulus at extreme values 
of the reinforcement schedule might 
be made. The zero training group 
performance score of 38 is considered 
as the additive combination of chance 
responses, plus whatever response 
strength that may have developed 
during preliminary training. Com- 
parison of the 104 and 164trial 
values, 980 and 934 respectively, 
indicates that peak performance in 
terms of the latency criterion has been 
achieved by 104 trials. The behavior 


recorded indicates that the gradients 
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obtained were generated by selected 
points that included both extremes of 
the training continuum. 

The mean number of responses in 
30 test trials is given in Fig. 2. The 
graphic presentation of the data 
indicates negative acceleration as well 
as a leveling tendency for stimulus 
values below 50 sq.cm. One may 
note that although reinforcement 
groups 16, 64, and 104 do not differ 
appreciably at the 79 sq.cm. stimulus, 
the 104-trial gradient is considerably 
above the 16- and 64-+trial groups for 
the last three test stimuli employed. 
The mean response value of the zero 
group to the training stimulus in the 
test situation was 6.29. A com- 
parison of the test results of the 104- 
and 164-trial training groups, 16.71 
and 15.00 respectively, indicates that 
peak performance to the 79 sq.cm. 
stimulus has been achieved by 104 
trials. In fact, for this criterion, the 
peak has been reached by 16 reinforce- 
ments. 

The analysis of variance technique 
was applied to test the hypotheses 
that the means were equal for levels of 
training, and for the stimulus values 
under investigation. The F for train- 
ing is 25.58, which for 3 and 132 df 
is significant at the .0O1 level of 
confidence. The F for stimuli is 
29.19, which for 4 and 132 df is 
significant at the .001 level of con- 
fidence. As the differences cannot 
be reasonably attributed to random 
sampling error the null hypothesis 
may be rejected in both cases for this 
criterion. The F ratio for training 
X stimuli interaction is not sig- 
nificant. 

The mean number of responses 
made during the first 60 sec. of test 
trial time is presented in Fig. 3. All 
gradients are negatively accelerated, 
and once again a positive relationship 
between training and absolute gen- 
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Fic. 3. Generalization gradients based “on 
responses in 60 seconds as a function of stimulus 
area and training trials. The 0- and 164-trial 
training groups have not been included. 


eralization is evident. The mean 
response value of the zero training 
group to the 79 sq.cm. stimulus in the 
test situation was 1.14. A com- 
parison of the test scores of the 104 
and 164 training groups, 7.71 and 7.00 
respectively, indicates that peak per- 
formance to the training stimulus has 
been achieved by 104 training trials. 

Application of Bartlett’s chi-square 
test showed the cell variances to be 
heterogeneous, suggesting that anal- 
ysis of variance was inappropriate. 
A log transformation, of the raw score 
plus one, yielded a distribution of 
values that fully met the requirement 
of homogeneity of variance, and the 
analysis was then made. The F for 
training is 45.00, which for 3 and 132 
df is significant at the .001 level of 
confidence. The F for stimuli is 
34.70, which for 4 and 132 df is also 
significant at the .001 level of con- 
fidence. Again, the F ratio for Train- 
ing X Stimuli interaction is not sig- 
nificant. Thus the analysis for this 
criterion indicates the same _ sta- 
tistical significance as that obtained 
by the total responses criterion. It 
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TABLE 1 


RELATIVE GENERALIZATION (PERCENTAGE) 
ComPuTEeD From Latency MEAsuRES, 
Responses 1n 30 Test Triats, 

AND Responses 1n 60 SEconps 








Stimulus in Square Centimeters 














Training 
Trials 

63 50 32 | 20 

Latency Measures 
4 76 0 0. 0 
16 50 23 >? 0 
64 41 25 10 3 
104 54 42 13 3 





Responses in 30 Test Trials 





4 55 23 23 13 
16 59 43 21 29 
64 75 41 38 32 

104 64 73 63 63 








4 59 12 29 0 
16 62 44 29 6 
64 65 44 35 24 














104 70 59 50 22 





would seem reasonable to assert that 
response strength to the generalized 
stimulus is inversely related to the 
distance of that stimulus from the 
training stimulus, and that as the 
number of reinforced responses to the 
training stimulus is increased the 
absolute amount of generalized re- 
sponse strength increases. 

Relative generalization—Table 1 
presents the data pertinent to changes 
in relative generalization that accom- 
pany changes in the training schedule, 
for the three response criteria. Rela- 
tive generalization is here considered 
as the ratio of generalized response 
strength to the response strength to 
the training stimulus. Such ratios 
were computed for each generalization 
stimulus with respect to the response 
score to the training stimulus for each 
level of training. For the latency 


measures, it may be noted that at the 
63-sq.cm. test point relative general- 
ization decreases with added training 
until 64 is reached, and then in- 
creases. For all other test stimuli an 
increase in relative generalization 
accompanies an increase in training 
trials. With respect to total number 
of responses in 30 test trials, and 
number of responses made within 
60 sec. of test trial time, increased 
training resulted in a trend of in- 
creasing relative generalization for all 
stimuli tested. 

To facilitate comparison of the 
present data with that reported by 
Hovland (10), response values for all 
generalization test points were com- 
bined, and a mean value computed 
for each training level. Relative 
generalization ratios computed from 
the values obtained are presented in 
Fig. 4. For the three criteria em- 
ployed a positive relationship between 
training and relative generalization is 
evident. 


Discussion 


Inspection of the results suggests that 
a meaningful discussion of generalization 
must take into account the performance 
measure employed. It should be noted 
that for the total number of responses in 
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30 trials criterion, peak performance to 
the training stimulus is reached after 
only 16 trials. For the other two 
criteria, this peak required 104 training 
trials. This seeming discrepancy em- 
phasizes the necessity of considering both 
general procedure and response measure 
employed in any attempt to relate 
strength of response to number of train- 
ing trials. Considering the possibility 
of the operation of effects such as inhibi- 
tion, which would be reflected differ- 
entially in the various performance meas- 
ures, it should not be too surprising to 
note that the three measures employed in 
the present investigation yield somewhat 
different constants for each level of 
training. 

Utilizing the 30 trials criterion, the 
gradient obtained for the 64-trial training 
group appears to be in fair agreement 
with the gradient generated by 67 
reinforcements reported by Grice and 
Saltz (6). The composite results ob- 
tained are further confirmation of the 
soundness of assuming decreasing gen- 
eralization gradients. The gradients 
obtained are in striking agreement with 
Hull’s assumption of a negatively ac- 
celerated theoretical gradient for gen- 
eralization to areas smaller than the 
training stimulus. Although a rigorous 
fit was not feasible, inspection of the 
gradients obtained by any of the criteria 
indicates that both origin and asymptotic 
level are positively related to number of 
training trials. The net result of such 
relationships is, of course, a positive 
relationship between number of training 
trials and absolute generalization. | It 
follows that any assumption relating the 
restriction of the range of absolute 
generalization to increased training must 
be rejected. 

Another important relationship to be 
noted is that of an over-all trend of 
increasing relative, as well as absolute, 
generalization for the gradients ob- 
tained. It has already been shown that 
only one of the twelve possible column 
trends partially confirmed the assump- 
tion of decreasing relative generalization 
as the number of reinforced training trials 
is increased. With the exception of the 


relationship holding within the 63-sq.cm. 
column of the latency criterion (Table 1), 
an increase in relative generalization 
may be noted for all generalized stimuli. 
The combined results of all test stimuli at 
each level of training, Fig. 4, are clearly 
in agreement with the individual analy- 
ses. The data are not in agreement 
with the conclusions of Hovland (10) 
and the conclusions of Razran (14, 15). 
No evidence of “spontaneous differ- 


‘ entiation” (7, p. 732) as measured by the 


- 


decline of relative generalization with 
further reinforcements was found. In 
fact, an orderly increase of relative 
generalization with added training is 
clearly evident. It may be the case that 
classical techniques and instrumental 
techniques may yield contradictory data 
concerning relative generalization. This 
seems hardly likely when one considers 
the -high degree of uniformity among 
acquisition and extinction curves ob- 
tained under either classical or in- 
strumental conditioning procedures. 


SUMMARY 


In a study designed to determine the relation- 
ship between number of training trials and 


. the generalization gradient of a size-brightness 


dimension in an instrumental conditioning 
situation, four groups of 35 albino rats were 
trained to open a door in the center of a white 
circle, 79 sq.cm. in area. ‘These groups received 
either 4, 16, 64, or 104 reinforced trials to the 
training stimulus. 

After training each group was divided into 
five subgroups of seven Ss each which received 
30 nonreinforced test trials to either the 79- 
sq.cm. training circle, or to a circle of 63, 50, 32, 
or 20sq.cm. ‘Two additional groups of seven Ss 
received 0 or 164 training trials, respectively, to 
the 79 sq.cm. stimulus, and both were then 
tested to that stimulus. Test performance was 
evaluated in terms of the total number of 
responses during the series, the number of 
responses made within 60 sec., and the median 
latency of the first three test trials. 

The results were as follows: 


1. Response strength to the generalized 
stimulus was found at all levels of training to be 
inversely related to the distance of that stimulus 
from the training stimulus. 

2. All generalization gradients obtained were 
negatively accelerated when the response 


measure was plotted as a function of log area. 
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3. As the number of reinforced trials to the 
training stimulus was increased the height of the 
generalization gradient was found to increase. 

4. As the number of reinforced trials to the 
training stimulus was increased both absolute 
and relative generalization were found to in- 
crease throughout the range investigated. 

5. When both the training and stimulus 
dimensions were investigated there resulted a 
family of curves which is dependent upon both 
experimental variables and upon the criterion 
employed. 
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THE EFFECT OF LEARNING VERBAL LABELS 
FOR STIMULI ON THEIR LATER 
DISCRIMINATION ! 


JOHN S. ROBINSON 


Cornell University* 


Most of the experiments providing 
tests of Dollard and Miller’s “ac- 
quired distinctiveness of cues” hy- 
pothesis (3, 7) have used motor 
discrimination criterion tasks (2, 4, 
5,9). The only study that provides 
data on the effects of “distinctive- 
ness’ training on a perceptual dis- 
crimination task is that of Arnoult (1), 
in which negative results were ob- 
tained. The data, however, suggest 
that more intensive preliminary train- 
ing would result in significant facilita- 
tion of criterion-task discrimination. 
The present study is designed to test 
the distinctiveness hypothesis using a 
perceptual criterion task. The Ss 
were given intensive preliminary 
training, and a control group was also 
included to provide for evaluation of 
stimulus familiarization during pre- 
liminary training. In addition, a test 
was made of Dollard and Miller’s 
“acquired equivalence of cues” hy- 
pothesis. 


METHOD 


A pparatus.—Ten fingerprints were selected as 
the experimental stimuli (6, Plates 1-4, 9, 11- 
15) and made into 2- X 2-in. slides. The S sat 
at one end of a table 18 in. from a partition that 
shielded the stimulus-presentation apparatus 
from his view. The fingerprints were projected 
from the rear on a 34- X 2-in. translucent 
screen in the center of the partition. A tape 


1 This paper is part of a thesis presented to 
the faculty of the Graduate School of Cornell 
University for the degree of Doctor of Philoso- 
phy. The author expresses his gratitude to 
Drs. Eleanor J. Gibson and James J. Gibson 
for their continued aid during the conduct of the 
research and preparation of the thesis. 

2?Now at Yerkes Laboratories of Primate 
Biology. 


recorder was used to record verbal responses 
during preliminary training. For the criterion 
task S made “same” or “different” judgments 
by pressing keys operating polygraph pens 
which recorded accuracy and latency of response. 

Design of experiment and procedure.—Uni- 
versity students and administrative personnel 
served as Ss. Three groups (N’s of 14, 15, and 
16) were given different preliminary training 
tasks. Three Ss were dropped from the experi- 
ment for failure to reach the learning criterion, 
thus leaving 14 Ss in each of the three groups. 
These 42 Ss and an additional group of 14 Ss 
with no prior training were then given a criterion 
task. 

Preliminary tasks.—The Distinctiveness Group 
(Group D) Ss learned distinctive verbal re- 
sponses (gangsters’ nicknames: Moll, Duke, 
Slim, Nick, Hymie, Butch, Rocky, Schnozz, 
Babe, and Squint) for the ten fingerprints by the 
paired-associates method. The S had access to 
a list of these names. A print was presented for 
2 sec.; when it was removed from the screen, E 
pronounced its name. After the first trial, S 
had to give the name while the print was being 
shown. There was an 8-sec. interval between 
exposures and an intertrial interval of 45 sec. 
Trials were run to a criterion of one errorless 
trial. The Equivalence Group (Group E) Ss 
learned to call five of the prints “cops” and the 
other five “robbers” (arbitrary designations by 
E). The paired-associates method was used in 
the same manner described above. The Ss in 
Group E usually reached criterion (one errorless 
trial) in fewer trials than Ss in Group D. In 
order to equate Ss in the two groups with respect 
to number of trials, it was necessary in some 
cases to give an S in Group E several post- 
criterial trials. The Sameness-Difference Group 
(Group S-D) Ss’ task consisted of ten stimulus 
presentations per trial, as in the above pro- 
cedures, but a particular print might appear 
alone, or two or three times in a row. The S 
compared each print with the preceding one 
and said whether it was “same” or “different.” 
Most Ss responded with 100% accuracy after 
the second or third trial so no learning criterion 
was necessary. The Ss in this group were 
matched with Ss in the other two groups by 
giving them the same number of trials. This 
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task was included to control for any effect that 
prior opportunity to see and examine the prints 
might have on criterion-task performance, apart 
from any effects produced by learning responses 
for them. 

Criterion task.—There were ten criterion-task 
trials. For each trial one of the ten fingerprints, 
used as a standard, was presented for 2 sec. 
followed by a series of ten comparison prints 
(each of .5-sec. duration) appearing at 8-sec. 
intervals. The S judged comparison finger- 
prints as same or different by pressing one of two 
keys in front of him. Five of the comparison 
prints were the same as the standard (the same 
slide was used) and the other five were;selected 
from the remaining nine prints. “Sames” and 
“differents” were varied in a predetermined 
random sequence. Those Ss with preliminary 
training were told that the same prints would 
be used; Ss in Group NPT (no prior training) 
were instructed on fixating the screen, shown a 
fingerprint, and told that the experiment was 
“to determine their ability to discriminate 
fingerprints.” All Ss were urged to make their 
judgments as rapidly and as accurately as 
possible. 

Introspective reports were obtained from all 
Ss at the end of the criterion task. 


RESULTS 


Preliminary training.—Group D re- 
quired a mean of 18.40 trials to reach 
criterion with an SD of 7.14. Group 
E reached criterion in a mean of 12.31 
trials (SD = 7.05). There was no 
criterion for the Group S-D task be- 
cause performance reached 100% 
accuracy by Trial 2 or 3. Because all 
three groups were equated with 
respect to total number of trials given, 
total (criterial plus postcriterial trials 
in the case of Group E) trial means 
and SD’s were the same for the three 
groups. 

The mean number of errors to 
criterion for Group D was 51.70 
(SD = 30.63). For Group E the 
mean number of errors to criterion was 
24.44 with an SD of 15.63. Errors 
on postcriterial trials increased the 
Group E values only slightly, most 
Ss’ performances being error free 
during these trials. The Ss in Group 


S-D made a mean of 8.80 errors 
(SD = 6.18) during preliminary train- 
ing. These Ss made nine judgments 
per trial and received a mean of ap- 
proximately 18 trials (SD = 7.14). 
These error values, therefore, are 
based on a mean of 162 judgments, 
with some Ss making over 300 
judgments. 

Criterion task.—Table 1 shows the 
mean error and latency scores on the 
criterion task. Error score analysis 
of variance yielded an F ratio of 5.89 
which is significant at the .01 level for 
3 and 52 df. Only the differences 


between the three preliminary train- 


TABLE 1 


Means anp SD’s or Error anv Latency 
Scores ON THE CRITERION TASK 
(N = 14 for each group) 




















Errors* Latency? 
Group |———————- —_—_—_— 
Mean SD Mean SD 
D 4.34 79 33.04 11.48 
E 4.30 1.14 35.25 12.22 
S-D 3.88 1.17 31.32 7.21 
NPT 5.15 79 | 39.82 8.66 
\ 











* A transformation (vx + .5) was used on the raw 
error scores to achieve homogeneity of variance. 

Tt Multiply values in table by .02 to get reaction 
latencies in seconds. 


ing groups and Group NPT were 
significant by ¢ test. Latency score 
analysis of variance gave an F ratio 
of 1.34, which is not significant for 3 
and 52 df. 

Introspective reports —These reports 
may be summarized as follows: (a) 
Reports on the preliminary training 
stage most frequently were concerned 
with Ss’ attempts to isolate identify- 
ing characteristics in the fingerprints; 
(6) Some Ss reported using these 
identifying characteristics in making 
criterion task judgments; and (c) No 
S reported being aided or hindered on 
the criterion task by the verbal labels 
learned for the prints. 
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Discussion 


The three preliminary tasks all had 
approximately the same facilitating effect 
on criterion-task performance. There 
was no enhancement of discriminability 
or equivalence as a consequence of 
learning responses for criterion-task 
stimuli. The results, therefore, do not 
support either of Miller and Dollard’s 
hypotheses. 

All three tasks involved (a) equal 
exposure to the stimuli, (4) attention to 
the stimuli, and (c) active search for 
identifying features in the fingerprints. 
These similarities among the tasks sug- 
gest an interpretation of the uniform 
transfer produced by the three tasks. 
All of the tasks provided the opportunity 
and necessity for developing identifica- 
tions for the fingerprints (the finding of 
significant details enabling S to recognize 
a print and distinguish it from others). 
Errorless performance of the assigned 
tasks waited upon their development. 
The similarity in transfer shown by the 
three groups indicates that the learning 
of the arbitrary names for the prints by 
Groups D and E did not produce any 
further change in stimulus discrimina- 
bility. 

Such general factors as “warm-up” or 
“learning how to learn” may have 
produced the obtained transfer. Ar- 
noult’s results indicate, and detailed 
analysis of the criterion task on the 
present experiment (8) suggests, that 
these or other general factors do not con- 
tribute significantly to transfer. A con- 
trol group is necessary, however, for more 
precise evaluation of the role played by 
such factors. 

An additional problem needing clarifi- 
cation is the discrepancy between this 
study and that of Goss (5). Using a 
motor rather than a perceptual discrimi- 
nation criterion task, and controlling for 
stimulus familiarization, Goss found that 
learned responses as such significantly 
facilitated discrimination. 


SUMMARY 


Dollard and Miller’s hypotheses of acquired 
distinctiveness and acquired equivalence of cues 


were tested. The Ss were given either distinc- 
tiveness, equivalence, or stimulus familiarization 
training with a set of stimuli, and were then 
given a perceptual discrimination task using the 
same stimuli. A fourth group was given the 
discrimination task with no preliminary training. 
There were no significant differences in: discrimi- 
nation performance for the three preliminary 
training groups, and therefore the hypotheses 
are not supported. These three groups, how- 
ever, made significantly fewer errors than the 
control group. Facilitation of discrimination 
on the criterion task is interpreted in terms of the 
development of identifications for the stimuli 
during preliminary training. General situational 
factors, however, may have produced the 
facilitation. 
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ADAPTATION TO TIME IN A SENSORIMOTOR SKILL! 


R. CONRAD 
Applied Psychology Research Unit, Cambridge, England 


In his paper on the human factors 
governing biomechanical systems, 
Bentley (1) drew particular attention 
to “the temporal modes of activity.” 
He pointed out that situations in- 
volving rapid change demanded the 
use of “extremely delicate :psycho- 
logical resources.” 

Although much knowledge of tim- 
ing has been gained through classical 
studies of time perception, it has not 
proved easy to apply that knowledge 
to problems of biomechanics. To 
some extent this may be because in 
the majority of studies perceptual 
behavior was observed under some- 
what abstract conditions rather than 
within the framework of continuously 
changing man-machine relationships. 

In view of the elusive character of 
the primary variable, it is not sur- 
prising that the more realistic lab- 
oratory studies of the temporal modes 
of activity have on the whole been 
restricted to those relevant only to 
tracking. But, as Bentley indicates, 
the man in the system is liable to 
receive cues and signals from many 
different sources. In_ successfully 
dealing with them, timing will be as 
important as it is in dealing with the 
single series of cues in tracking. 

In previously reported experiments 
(2, 3) the writer noted, but without 
discussion, that in dealing with a 
continuously changing display made 
up of four concurrent series of signals, 
the temporal accuracy of response 
appeared to be constant irrespective 
of the rate of display change. 

1 The work was carried out under the general 
direction of Sir Frederic Bartlett, C.B.E., 


F.R.S., and Dr. N. H. Mackworth, to both of 
whom the author is deeply indebted. 


It was pointed out (3) that not all 
signals were responded to, and missed 
signals were shown to occur close to a 
response more often than could be 
expected by chance. With the rates 
of change of the display used, the 
majority of signals were responded to. 
Since in matching his series of 
responses to the presented series of 
signals S’s temporal error was present 
even when the time which was avail- 
able to formulate and execute response 
was relatively long, two questions 
presented themselves for further 
study: (a) Why under the most favor- 
able temporal conditions was response 
in general apparently inaccurate? 
(b) Why was temporal accuracy ap- 
parently unaffected when signals were 
presented more rapidly? The present 
paper completes the analysis of the 
results of the originally reported 
experiment. 


MetTHOD 


Apparatus.—The apparatus and the experi- 
mental method have been described in the 
previous experiments (2,3). Briefly, the display 
consisted of four dials each having six equi- 
distant marks round the perimeter, and carrying 
a revolving pointer. 

The S was provided with four Morse keys 
and was required to hit the appropriate key 
whenever a pointer coincided with a perimeter 
mark. This coincidence was regarded as a 
signal. The four pointers moved at slightly 
different speeds such that the relative time 
interval between successive signals on each dial 
was 1.0, 1.09, 1.40, 1.67. The effect of these 
differences was to present to S a series of signals, 
the temporal characteristics of which have been 
discussed by Cox and Smith (4). The dis- 
tribution of the interval between successive 
signals considering the display as a whole 
approximated to the negative exponential. The 
occurrence of signals and S’s response to them 
were recorded on continuously moving paper. 
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Procedure.—Six naval ratings acted as Ss. 
They practiced for 15 min., morning and after- 
noon, for two days. Three experimental 
sessions then followed during which each S$ 
did 3, 2, and 2 tests, respectively, each of 5-min. 
duration. The following seven conditions of 
signal speed were given in random order: 40, 60, 
80, 100, 120, 140, 160 signals/min. Each 
experimental session was preceded by a 3-min. 
“warming up.” 

Criteria of performance——In the classical 
reaction time experiment, response is inevitably 
late. Normally it can only occur after the 
stimulus. Where “receptor anticipation” (5) 
is possible, response may occur either before or 
after the signal. Then if any single response 
is considered merely in relation to the signal 
which initiated it, no information is present to 
explain why the response was made early or late. 
The simplest explanation is to regard each 
response as one might regard the throw of a dart, 
and consider that its position will depend 
entirely on the degree of eye-hand coordination 
achieved. 

Alternatively, one can regard the signal- 
response element not as discrete and isolated 
from other behavior, but as one element in a 
continuum of perception and response, following 
events, and followed by other events in definable 
temporal sequence. In this case the temporal 
position of a response in relation to the signal 
which initiated it might be expected to depend 
on the position of some previous event, and 
perhaps on some succeeding event as well. 
Furthermore, if evidence in support of this latter 
alternative can be adduced, then it would be 
logical to examine the extent of the validity of 
the hypothesis in relation to signal series of 
varying mean speeds. 

Two recorded events were postulated as 
important determinants of the position of a 
response (Rez). The first was the previous 
response (Ri), considered in relation to the 
signal (Sz) initiating Re. This was because Ri 
would be the last event over which S had control 
before Re was made. It was considered that 
the longer the time interval R,-S2, the greater 
the probability that R2 would be early. 
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Fic. 1. The two intervals Ri-S2 
and S,--S; exemplified. 


TABLE 1 


Errect or Speep CHANGES on AccurRACY 
oF RESPONSE 





Speed in Signals/Min. 





40 | 60 | 80 | 100/ 120/| 140| 160 








Accuracy (Sec.)| .26]| .26| .25 | .24| .25 | .24] .24 





The second event was the next signal (S;3) 
considered also in relation to the signal (Sz) to 
which the response (Rz2) was made. This was 
because S; would be the event most worth 
considering if S in fact considered the future 
while dealing with Sz. It was postulated in this 
case that the longer the interval SzSz, the greater 
the probability that Re would be late. These 
two critical intervals are illustrated in Fig. 1. 
Thus the definable temporal sequence would 
consist of a signal and response, the previous 
response, and the next signal. 

Data were obtained from a 2-min. sample 
from each of the six Ss. Performance at three 
signal speeds was examined: 40, 100, 160 
signals/min. ‘These were the slowest, middle, 
and fastest speeds of the whole range. The 
cases where two or more signals were responded 
to in the wrong order were excluded. In such 
cases in effect S, was dealt with before S;. 
Interpreting these cases would be unnecessarily 
complicated, and would add little to what could 
be learned from less ambiguous data. This 
has led to a loss of about 10% of the material. 
It should be pointed out, however, that S2 some- 
times occurs before Ry when R; is a late respons e. 
The interval R,-S: therefore will sometimes 
appear as a negative value. 


REsuULTs AND Discussion 


The general results have been re- 
ported elsewhere (3), but those relevant 
to the present analysis are given in 
Table 1. 

The effect of time elapsed since the 
previous response.—The interval R,-S» 
was measured in every case in the 
sample, and classified according to 
whether R» was made early or late in 
relation to S». Where the position 
of Re was doubtful, that is, when 
response was very accurate, alternate 
cases were classified as early and late. 

At all speeds there were more late 
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TABLE 2 


INTERVAL R,-Se: PeRceNTAGE NUMBER 
or Occasions ror Eacu Size 
or InrervaL Tuat R: 
Was Late 








| 
| Interval Size (.25 sec.) 





Signals/ 
Min. 





-1| 1 | 2 3 4 S$ | S+ 


40 |100.0| 93.7 | 70.8 | 54.1 | 42.8 | 33.3 | 35.4 
100 | 100.0 | 94.8 | 74.7 | 48.0 | 40.0 | 27.6 | 33.3 
100.0 | 88.8 | 74.4 | 50.0 | 41.3 | 39.4 | 25.2 























responses than early ones when the 
interval R,-S2 was short; the opposite 
was true when R;-S, was long. This 
is shown in Table 2, which gives, for 
each size of the interval R,-Se, the 
percentage number of times that R, 
was late. 

The effect of time until the next signal. 
—To test whether a response was 
independent of succeeding events, the 
procedure was repeated for the in- 
terval S»-S3. Table 3 shows the 
percentage number of cases that Rz 
was early or late for each size of the 
interval S.-S;. 

This time it will be seen that at all 
speeds late responses were associated 
with long intervals. But whereas at 
the slowest speed predominantly early 
response occurred with intervals up 
to about 1.25 sec., at the fastest speed 
predominantly early response did not 
occur beyond an interval of .25 sec., 
although the proportion of late re- 
sponses remained dependent on the 
size of the interval. 

It will be noted that whereas for a 
given interval size the effect of the 
preceding event is in general inde- 
pendent of signal speed, this is not 
true for the event following the 
response. For most sizes of interval, 
the faster the speed the higher the 
proportion of late responses. In 
Table 2 the proportions at the slowest 
and fastest speeds are not significantly 


different at the 5% level for any 
interval. In Table 3 in a compar- 
ison of the slowest and fastest speeds 
the difference between the proportions 
of late responses is significant for all 
intervals. 

It has been shown that whether a 
response is made before or after the 
signal which initiated it depends 
partly on the time interval from the 
signal to the previous response, and 
partly on the time from the signal 
to the next signal responded to. Re- 
sponse tends to be late if the former 
interval is short or if the latter 
interval is long. At fast speeds, 
response will be likely both to be 
preceded and followed by short in- 
tervals. Similarly at slow speeds, 
there will tend to be long intervals 
before and after response, the former 
conducive to early, and the latter to 
late response. 

Timing of R2z in relation to previous 
and future time intervals taken to- 
gether—Certain inferences would 
seem to follow from the results of the 
analysis so far: (a) -It should be 
possible to define optimum temporal 
conditions under which almost all 
responses will be made late, and 
others under which almost all re- 
sponses will be made early. (bd) It 
has been pointed out that conditions 
occur when both early and late 
response would simultaneously be 


TABLE 3 


INTERVAL S;-S;: PerceENTAGE NuMBER 
or Occasions ror Eacu Size 
or Inrervat Tuat R; 














Was Late 
Interval Size (.25 sec.) 
Signals/ 
in. 
1 2 3 4 5 5+ 
40 | 20.0 | 27.3 | 29.6 | 42.9 | 42.1 | 52.7 
100 | 27.4 | 50.0 | 46.3 | 61.4 | 58.8 | 65.9 
160 | 40.8 | 54.3 | 51.3 | 59.6 | 63.2 | 65.2 
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expected. Since this is absurd, it 
should be possible to examine the 
conditions under which either op- 
posing factor prevails. That is, if 
the two factors are such that they 
tend toward equal and opposite 
effects on the position of the response, 
under which conditions will the re- 
sponse in fact be early, and under 
which will it be late? 

The analytical procedure was to 
examine every response (R2) in terms 
of whether it was early or late, and in 
relation to the size of both time 
intervals R,-S, and S:-S;. To avoid 
oversubdivision of the data, for the 
three speeds of 40, 100, and 160 
signals/min., both intervals were 
classified into three groups as follows: 


Short: up to .5 sec. (includes 
negative values) 
R,-S2 Medium: .5-1.0 sec. 
Long: Longer than 1.0 sec. 


Short: 0-.5 sec. 
S:-S; Medium: .5-1.0 sec. 
Long: Longer than 1.0 sec. 


Table 4 gives the proportion of 
responses that were made /ate under 
each of the nine possible temporal 
conditions. Clearly, there are op- 
timum conditions in which response 
will be predominantly late or pre- 
dominantly early. If R,-S2 is short, 
and S.-S; is long, some 90% of the 
responses will be made late. Simi- 
larly if R,-S2 is long and S,-S; is short, 
from 60 to 80% of responses will be 
early. For a constant size of one 
interval, there is a fairly consistent 
relationship between the size of the 
other interval and the position of the 
response. But whereas in the case 
when one of the intervals is short the 
nature of the relationship is that 
expected, for some sizes of interval 
the relationship appears to be re- 
versed. This shows primarily as a 
reversal of trend between the slowest 


TABLE 4 


Errect on Position or A Response (R:) oF 
TEMPORAL STRUCTURE OF THE SEQUENCE 
as Derinep By Size or Time INTERVALS 
Ri-Se AND S2-S;: Proportion oF 
Late Responses UNDER 
Eacu ConpiTION 























S2Ss 
Ri-S2 | 
Short | Medium Long 
40 Signals/Min. 
Short .60 67 95 
Medium .26 55 54 
Long 21 3 40 
100 Signals/ Min. 
Short | 76 .93 87 
Medium | 36 45 49 
Long | .23 38 38 
160 Signals / Min. 
—— ee 
Short 67 82 91 
Medium Ms i ae 43 
Long 40 | 27 22 


| _ 22 





and the fastest speeds when R,-S, is 
long and the size of S--S; increases. 
The explanation for this is not 
obvious and it may be due to different 
effects of varying signal speed. In 
general, the consistency of the effects 
is good. 

If the events which influence the 
position of a response are equal 
distances away, will either prevail? 
If the proportions of late responses 
are compared when the intervals 
R;-S2 and S,.-S; are both short, both 
medium, or both long, it will be 
apparent that the common size of the 
two intervals affects the position of 
the response. At all speeds, if both 
intervals are short the majority of 
responses is late; if both intervals 
are long then the majority of responses 
is early. There are not enough 
cases of two short intervals at the 
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slowest speed for the significance of 
the difference between proportions to 
be reliably tested, but at the other 
two speeds there are significantly 
fewer late responses when both in- 
tervals are long than when both are 
short. 

It has been suggested that for any 
one speed there is a balance of tem- 
poral forces around a response which 
does not depend only on the length of 
time between events. In other words, 
equal intervals of time on either side 
of a response change their resultant 
effect when the size of those intervals 
changes. One further suggestion re- 
lating to the interacting effects of 
speed and sequence characteristics on 
the position of response is implicit in 
the data of Table 4. 


Consider in Table 4 the sequence 


TABLE 5 


Errect oN THE Accuracy oF Response (Ro) 
or TEMPORAL STRUCTURE OF THE SEQUENCE 
as Derinep By Size or Time INTERVALS 
R,-Se AND Se-S3: Mean Size 
or Error (Sec.) 






































S2S: 
R:-S2 
Short | Medium | Long 
40 Signals/Min. 
Short | .20 25 38 
Medium | 21 21 21 
Long 30 25 25 
(Mean = .25) 
100 Signals/ Min. 
oe . 
Short 18 .24 36 
Medium | 18 21 21 
Long .23 .23 .22 
| (Mean = .24) 
160 Signals /Min. 
Short | .22 27 33 
Medium 20 .20 .23 
Long 26 18 .26 
(Mean = .24) 





consisting of long R,-S. and short 
S:S;. Such a sequence would be 
expected to result in predominantly 
early responses. Since the time in- 
tervals involved in this sequence are 
independent of signal speed, there is 
no reason to suppose, from the nature 
of the sequence itself, that the position 
of response will be affected by signal 
speed. There is, however, for the 
same sequence, a significantly greater 
proportion of late responses at fast 
speed than at slow speed. Other 
cases where speed significantly changes 
the quantitative effect of a sequence of 
standard characteristics are: medium 
R,-S: and short S--S;; long R:-S: and 
long S2-S;. Some other changes will 
be noted but with the number of cases 
in the sample, they are not significant 
at the 5% level. 

The size of error—lf the effect of 
certain changes in the temporal char- 
acter of the sequence is to produce, 
for example, proportionately more 
late responses, then one would reason- 
ably expect that the same changes 
would also result in a larger mean size 
of error between occurrence of signal 
and occurrence of response. With 
the same sequence classification as in 
Table 4—three speeds and three sizes 
of interval—the accuracy of each 
response was measured to the nearest 
-l sec. Ignoring the plus or minus 
sign, the mean size of error in seconds 
for each sequence is given in Table 5. 

Analysis of variance was carried 
out to examine (a) whether for any 
given speed there was an effect of 
sequence characteristic on accuracy, 
and (+) whether for any given se- 
quence there was an effect of speed on 
accuracy. The result is shown in 
Table 6. 

Table 6 shows that the sequence 
effect is highly significant while the 
difference between speeds for the 
same sequence is not. In other 
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TABLE 6 


ANALYSIS OF VARIANCE: Errect on AccCURACY 
or SPEED AND SEQUENCE CHARACTER 























Source | df Square F 5% 1% 
| Mean 
Speed 2 | .00095 | 2.07 | 3.63 
Sequence 8 | .00745 | 16.20 6.19 
Remainder | 16 | (00046 
Total | 26 | 








words, not only does the sequence of 
which a response forms a part tend to 
determine whether the response is 
made early or late, but it also influ- 
ences to what extent it is made early 
or late. Perhaps the most curiously 
interesting example of this influence 
is the effect on accuracy when for a 
constant size of the interval S,.-S;, the 
interval R,-S. increases. When this 
occurs, in almost all cases (Table 4) 
when R,-S2 is short the majority of 
responses are late, but when R,-S, is 
long most responses are early. The 
position of the response can be said, 
at some stage, to have passed through 
zero. In such cases one might expect 
the accuracy of response to have been 
better when R,-S: was of medium 
size than when it was either long or 
short. Table 5 confirms this in a 
large number of cases. 


Now, when the signal speed is 


varied, the temporal character of the 
signal series changes, and the fre- 
quency with which particular se- 
quences occur will be affected. At 
slow speeds, sequences will more 
frequently involve long intervals, 
whereas at fast speeds short interval 
sequences will be common. Table 6 
has shown that different sequences 
carry, as it were, different accuracy 
values for the response. The rela- 
tionship between these different values 
and the frequency with which differ- 
ent sequences occur must determine 
the over-all mean accuracy, for the 


complete series. The frequencies with 
which the sequences occur at three 
speeds are given in Table 7. They 
are expressed as percentages of the 
total for each speed. The necessary 
arithmetic required to arrive at the 
final mean error need not be shown 
here. The means are shown in Table 
5 and it will be seen that the three 
values are very similar. 

The main point which has been 
demonstrated is that in the skill under 
discussion, the mean accuracy of 
response in time is a function of the 
frequency with which particular se- 
quences occur, since the accuracy of 
an individual response depends at 
least partly on the temporal structure 
of the sequence to which it belongs. 
Whether or not any particular se- 
quence occurs is not wholly predeter- 
mined. The temporal relationships 
within a sequence are set up by S’s 
interacting with the elements in the 


TABLE 7 


FREQUENCY OF OccURRENCE OF SEQUENCE 
EXPRESSED AS A PERCENTAGE 
OF THE TOTAL 






































SS; 
R:1-S2 : 

Short | Medium | Long 

40 Signals/ Min. 

. = 

Short 1.33 1.60 9.60 
Medium 5.06 2.93 14.93 
Long 10.40 13.86 40.27 

100 Signals /Min. 
Short 7.53 6.71 18.17 
Medium 9.06 11.29 13.19 
Long 13.75 11.13 9.17 

160 Signals / Min. 
Short 5.30 15.22 15.77 
Medium 15.90 14.54 9.78 
Long 10.87 7.61 5.03 
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display which are _ predetermined. 
But once the structure of the sequence 
is established through response at one 
end and anticipated signal at the 
other, S is forced to adapt to time 
limits which are then inherent in the 
immediate situation. 

This experiment provides a descrip- 
tion of at least one of the temporal 
modes of activity of man in bio- 
mechanical systems; it underlines the 
presence of one of those delicate 
psychological resources which Bentley 
(1) mentioned. In particular, the 
methods used for measuring this kind 
of performance suggest an advance 
over the more traditional techniques 
of investigating the conditions for 
timing in skilled behavior. In lab- 
oratory studies of human factors in 
biomechanical systems there is the 
danger that error will be recorded 
merely as a gross score or total time. 
Frequently the conditions which give 
rise to error are not amenable to 
observation and are available only 
through subjective report. This 
paper demonstrates the possibilities 
in detailed analysis, of sequential 
structure continuously recorded. 


SUMMARY 


An attempt was made to explain the tem- 
poral accuracy with which a series of responses 
could be matched to a series of signals, by 
reference to the continuously changing tem- 


poral relationships between these events. 
Although approximately half of the responses 
were made too soon and half too late, this 
distribution was not fortuitous. The temporal 
position of a response in relation to the signal 
which initiated it was influenced both by the 
position of the previous response, and by the 
position of the signal for the next response. 

Not only did these events determine whether 
a response would be made early or late, but to a 
large extent they influenced the size of this error. 
Thus, while the character of the temporal 
structure of events around a signal determined 
the relative accuracy of the response, the mean 
signal speed in relation to the mean response rate 
determined the frequency with which particular 
temporal structures occurred. The underlying 
factors that actually determined the character 
of the response were shown to be masked when 
the effects on response of the signal speed 
variable were presented as mean accuracy values. 
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EFFECTS OF PROLONGED EXPOSURE TO LOW 
TEMPERATURE ON VISUAL-MOTOR 


In an earlier study Teichner and 
Wehrkamp (3) found that groups of 
Ss who practiced for only 20 min. per 
day on the pursuit rotor, each in 
a different 
showed an impairment in performance 
compared to an optimal temperature 
group; that the magnitude of impair- 
ment depended on the magnitude of variable. The present 
difference between the particular tem- 
perature and the optimum. Inas-_ ing an answer to this question. 
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much as performance under the non- 


optimal conditions never reached the 
level of the optimal condition group 
during the 75 trials involved in the 


experiment, it was not possible to 3%, 5-month interval 


determine whether the effect of tem- 
perature was on the rate or on the 
limit of acquisition of the skill. exact regimen was established and maintained, 
Should it be on the rate alone, then it 
could be said that individuals tend to 
acclimatize with respect to visual- 
motor performance. 
temperature should affect the final 
limit of skill, then it would not be 
expected that individuals ever reach 
the level of performance attainable 
temperature condi- 
tions. One purpose of the present 
study was to determine which of these 
two hypotheses is more tenable. 
Another question left unanswered 
by the study cited above is whether 
the effect of temperature is on the 
measure of performance alone, or 
whether it also affects the learning 


under optimal 


have been described 


process which is developed with the _ interval of 10 sec. 


practice trials. 


1 Presented to the 1954 meeting of the 
Eastern Psychological Association. 


Should it be the 
latter, it would be expected that a 
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shift in temperature during the ac- 
quisition process would result in a 
gradual change in performance, thus 
reflecting the effect of the previous 
ambient temperature, temperature on the learning process. 
On the other hand, if it were a quick 
change, then temperature might be 
conceived of as strictly a performance 


also designed with the aim of provid- 


METHOD 


Five soldiers selected at random from the 
study cited above were used as Ss. 


These men clothed only in shorts, T shirts, and 
socks lived in a constant temperature chamber 
for the entire course of the experiment. 


with one exception to be noted below. 
of schedule and biochemical, physiological, and 
psychophysiological measurements which were 
made will be reported .elsewhere. 
If, however, purposes it should only be noted that the 
measures reported herein were always obtained 
at the same time of day and were not in conflict 
with or related to the other measures taken. 
The experimental design consisted of three 
consecutive experimental periods. 
logical order they were: a baseline period lasting 
16 days during which the room temperature was 
maintained at 75° F., a cold period lasting 12 
days during which the temperature was held at 
55° F., and a recovery period lasting 13 days 
during which the temperature was again 75° F. 
Every day throughout the entire experiment, 
Ss were given 15 practice trials on the pursuit 
rotor. The details of apparatus and procedure 


trials were 20 sec. long and had an intertrial 


RESULTS 


A plot of the pursuit-rotor data for 
the entire experiment in terms of mean 
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7 
] ——e2 OECREMFNT METHOD 
Oveveceeee “© INITIAL INCREASE METHOD 


TEMPORARY WORK DECREMENT (Sec) 














DAYS 


Fic. 1. Temporary work decrement as a function of practice 
under two different ambient temperatures. 


time-on-target per trial indicated, 
among other things, that the initial 
practice portion of each day tended to 
be impaired as compared to the final 
level of the preceding day or the level 
attained on later trials of the same 
day. This phenomenon is known as 
temporary work decrement (TWD) 
and is characteristic of visual-motor 
tasks. In order to determine whether 
or not the effects of TWD were con- 
founded with the experimental treat- 
ment, the magnitude of the decrement 
was calculated and plotted as shown 
in Fig. 1. Figure 1 shows TWD cal- 
culated by two methods: (a) as the 
difference in magnitude between the 
last trial of one day and the first trial 
of the next (decrement method), and 
(b) as the difference in magnitude 
between the first trial of a day and 
that trial of the same day at which the 
decrement appears to have been over- 
come (initial increase method). It 
can be seen that both methods show 
essentially the same things, a result 
which is consistent with previous find- 
ings (2). TWD although present 
showed no tendency to vary in 


magnitude with either practice or 
temperature except for the first dayfof 
the cold period. On this day the 
decrement method indicates a large 
increase in TWD, whereas the initial 
increase method shows a moderate 
decrease. This should be noted as an 
inversion in the order of magnitude 
of the two methods. Both curves 
appear somewhat cyclical in form, the 
cycles showing a lower frequency 
during the baseline period than during 
each of the other periods. Also, both 
curves show a marked change at the 
beginning of the cold period, each 
curve diverging in the opposite direc- 
tion. Another interesting fact of 
Fig. 1 is that the decrement method 
tends to show a slightly but con- 
sistently smaller decrement than the 
initial increase method; this too is in 
agreement with previous results (2). 
In order to obtain the most stable 
estimate of the treatment effect, the 
middle five trials of each day (Trials 
6-10) were plotted as shown in Fig. 2. 
Omission of the first five daily trials 
eliminates the TWD and thus the 
artificial lowering of the mean scores. 
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Omission of the last five daily trials 
eliminates the influence of possible 
end effects. For purposes of graph- 
ing, the sixth trial of Day 1 was 
numbered Trial 1 and all other trials 
were renumbered from this one. In 
addition, for descriptive purposes, 
curves were fitted to the data using 
the method of least squares. Since 
the recovery period appeared to 
follow from the same trend as that of 
the baseline period, one curve was 
fitted to the data of both of these 
periods. The data of the cold period 
were fitted independently. The data 
of Day 19 were not used in fitting the 
cold period curve because of an un- 
intentional rewarming of Ss on this 
day. It was found that an exponen- 
tial curve provided the most reason- 
able descriptive function for both sets 


MEAN TIME - ON- TARGET (Sec) 


of values. In fact, the equations 
obtained are very similar. 

Figure 2 reveals that performance 
during the baseline period increased 
gradually and was still increasing at 
the end of the period. If the recovery 
period scores are considered, it would 
appear that Ss continued to improve 
with practice throughout the entire 
experiment and would have continued 
to improve slightly had the practice 
been continued. This figure indi- 
cates that there was a marked and 
immediate impairment of perform- 
ance with the onset of the cold period 
and an immediate recovery at the 
onset of the recovery period. Re- 
covery of skill during the cold period 
was gradual and very similar in trend 
to that of the baseline period. The 
effects of a partial rewarming which 
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Fic.2. Pursuit rotor performance as a function of practice under two different 
. ambient temperatures. 
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TIME - ON - TARGET (Sec) 


MEAN 
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Fis. 3. Comparison of the effects of lowered 
ambient temperature on pursuit rotor perform- 
ance with previous performance under optimal 
temperature conditions. 


occurred on Day 19 are shown by the 
sudden rise in the plotted points of 
Trials 95 to 99. On these trials the 
scores almost approached final base- 
line performance. 

The values used for the middle 
(dashed) portion of the over-all trend 
were obtained by calculation from the 
equation describing this trend. An 
F test was performed to determine the 
goodness of fit of these theoretical 
values to the data actually obtained 
during the cold period, including the 
data obtained on Day 19. An F of 
13.75 was obtained from this test. 
With 58 and 236 df this is significant 
at the .001 level of confidence. It 
would appear reasonable, therefore, to 
conclude that the data of the cold 
period cannot be represented by the 
values which would be predicted for 
it by the over-all trend. 

In order to determine more precisely 
the nature and amount of impairment 
which occurred in the cold, the actual 
cold period portion of Fig. 2 was 


plotted over the baseline period. 
This is shown in Fig. 3. This figure 
shows very clearly that performance 
during the cold period was reduced 
almost to the level of the beginning 
of the experiment; that recovery dur- 
ing the cold period closely paralleled 
baseline acquisition. In order to 
determine whether the cold period 
data could be represented by the base- 
line portion of the over-all trend, a 
test of the goodness of fit of the 
theoretical values of the baseline 
period to the cold period scores was 
performed. This yielded an F of 3.00 
which, with 58 and 236 df, is signifi- 
cant at the .001 level of confidence. 
Thus, it may be stated that despite 
the closeness of the two sets of data, 
the cold period cannot be represented 
adequately by the baseline period of 
the over-all trend. 


Discussion 


The results support those of Teichner 
and Wehrkamp (3) in showing that 
there is an impairment in the cold, even 
in temperatures of 55° F. The results 
also show that the amount of impairment 
produced is very large, for not only was 
performance reduced to a level ap- 
proximating the performance obtained 
at the beginning of the experiment, but 
the recovery from this level was slow and 
to the previous baseline level rather than 
to the level which might have been 
expected on the basis of practice alone. 
It is as if the effect of the lowered tem- 
perature had been to eliminate the 
beneficial effects of practice on the per- 
formance. Inasmuch as Ss did not 
reach the expected level it cannot be said 
that they acclimatized, but only that 
they partly acclimatized. This being so, 
it can be concluded that low ambient 
temperature affects the final limit of 
visual-motor performance. Such a con- 
clusion must be qualified by the possi- 
bility that had the cold period been 
extended, the Ss might have recovered 
completely. This does not seem likely, 
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however, in view of the length of the cold 
period used and the trend of the scores 
during this period. 

It is also clear both from the recovery 
displayed on Day 19 and from the quick 
shift in performance shown at the onset 
of the recovery period that temperature 
affects performance only and not the 
learning process. The rapid recovery to 
the expected practice level exhibited with 
the change to the recovery period would 
not have occurred if the conditions of the 
cold period had influenced the more 
permanent habit system. 

The length of trial spacing and inter- 
trial interval used are of an order such 
that they may be called relatively massed 
practice. The fact that the present 
study does not exhibit a decreasing trend 
in magnitude of temporary work decre- 
ment (TWD) with continued practice is 
consistent with recent data reported by 
Barch (2) and by Adams (1). Since the 
present study continued practice over an 
extended period of time and obtained the 
same results, there seems to be little 
doubt of the genuineness of the phe- 
nomenon. As to the influence of low 
temperature on TWD, there appears to 
be little or no relationship. At best 
there is a temperature effect only on the 
first day of exposure. 


SUMMARY 


Five Ss lived in a constant temperature 
chamber for 41 days. For the first 16 days the 


temperature was held at 75°, for the next 12 at 
55°, and for the remaining 13 days at 75° F. 
The Ss were given 15 trials daily on the pursuit 
rotor. The data obtained appear to allow the 
following conclusions regarding the effects of 
prolonged exposure to low ambient tem- 
perature: 


1. Visual-motor performance is markedly and 
immediately impaired in the cold and recovers 
gradually, but to a lower limit than it attains 
under optimal temperature conditions. 

2. The impairment of visual-motor per- 
formance in low temperature is the result of a 
lowering of the final limit of performance rather 
than a reduction of the rate or limit of learning. 

3. Under conditions of massed practice tem- 
porary work decrement is not influenced by 
practice and affected slightly or not at all by 
lowered ambient temperature. 
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ROTARY PURSUIT PERFORMANCE AS RELATED TO SEX 
AND AGE OF PRE-ADULT SUBJECTS! 
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Differences in performance of motor 
skills associated with age and sex have 
received considerable attention. Yar- 
molenko (19) reports increases in per- 
formance with increase in age for such 
skills as speed and exactness of walk- 
ing, grasping and relaying objects, 
lying down and getting up, ball throw- 
ing, and standing jump. Similar 
results are reported by Jones (11) in 
his study of static dynamometric 
strength with children from 11 to 17 
years of age, although the positive 
relationship does not hold for girls in 
the case of some tasks, such as thrust. 
In this case the curve rises somewhat 
and then falls again with an increase 
in age. Performance on a manual 
steadiness task, spool packing, and a 
serial discrimination task (12) also 
shows a positive relation with increase 
in age. Espenschade (8, 9) has 
studied performance of children from 
their tenth to their sixteenth year on 
the various parts of the Brace Test. 
She reports increases in performance 
with age for all subtests except 
target-throw for boys; for girls this 
relationship holds only for a few of 

1 This research was supported in part by the 
United States Air Force under Contract No. 
AF 33(038)-10196, monitored by the Psychology 
Branch, Aero Medical Laboratory, Directorate 
of Research, Wright-Patterson Air Force Base, 
Ohio. Support was also received from the 
Research Committee, University of Louisville. 
The authors gratefully acknowledge the assist- 
ance of William Holley, Andrew Eckles, and 
Gene Farr in the collection and analysis of data, 
and critical reading by Drs. A. J. Latham and 
John Fink. 


?Now with Bridgewater Township Public 
Schools. 


the subtests, and for only a portion of 
the age range. 

McCloy (14), studying push ups 
and pull ups, and Pyle (17), studying 
card sorting and digit-symbol sub- 
stitution, obtained curves which have 
a clear upward trend in performance 
with increasing age. McCloy’s age 
groups ranged from 12 to 16 yr., and 
Pyle’s from 8 to 18 yr. Hicks (10), 
who worked with pre-school age 
children, found no age differences on 
several tasks. McGinnis (15) re- 
ported statistically significant differ- 
ences in slot maze performance be- 
tween 3-yr. and 5-yr.-old children, and 
between 4-yr. and 5-yr.-old children. 
For college students, there is no 
information about differences in ro- 
tary pursuit performance among dif- 
ferent age groups, but there is some 
evidence that there are performance 
differences within age groups that are 
associated with sex (6). 

It appears that the amount of gain 
in proficiency with age varies from 
task to task, and that in some cases, 
at least, performance level may de- 
crease with increasing age. The 
present study was designed to in- 
vestigate the relationships of sex and 
age to the continuous rotary pursuit 
performance of pre-adult Ss before 
and after a single rest period. 


METHOD 


Apparatus—The basic rotary pursuit ap- 
paratus used here has been described in detail 
elsewhere (4), with the exception that only three 
of the four rotor units were utilized in the first 
experiment, but all four rotor units were used in 
the duplication of the experiment. The Koerth- 
type pursuit rotors consisted of black vinylite 


127 





128 R. B. AMMONS, S. I. ALPRIN, AND C. H. AMMONS 


turntables 103 in. in diameter, with }-in. brass 
targets set with their centers 3} in. from the 
turntable centers and flush with their surfaces. 
The Ss used light, hinged styluses (5) in follow- 
ing the target as it turned clockwise in a hori- 
zontal plane at 60 rpm. Two banks of 6-v. DC 
Standard Electric .00l-min. timers were used 
alternately in the circuit to permit continuous 
recording of the duration of stylus-target 
contacts. 

Subjects —The total sample of 350 volunteer 
Ss was made up of 35 boys and 35 girls from 
each of five grade levels, 3, 6, 9, 11, and 12. 
Thirty Ss at each age level participated in the 
first experiment, and 40 Ss at each age level 
participated in the duplication of the experi- 
ment. Although the two experiments were run 
a year apart, Ss were from the same schools.* 

The Ss were selected on the basis of approxi- 
mately correct grade placement for age and lack 
of previous experience with the pursuit rotor. 
No Ss were taken from an experimental ninth 
grade typing class for boys, as the group was 
highly selective from the point of view of skill 
and would have volunteered as a whole if any 
had been allowed to serve as Ss. For the five 
grade levels, from 3 through 12, the mean ages 
and their SD’s for the boys were 9.11 (.69), 
11.90 (.86), 15.03 (1.13), 16.83 (1.23), and 18.32 
(.19), respectively; the means and SD’s of the 
girls’ ages were 9.13 (.61), 11.66 (.21), 14.93 
(.34), 16.71 (.68), and 17.68 (.97), respectively. 
The occupational status of the father or head 
of the family was recorded and tabulated accord- 
ing to the occupational classification of the 
U. S. Census (18). Breakdown of these totals 
for boys and girls within each of the five age 
groups indicated satisfactory similarity of 
parental occupation among the groups. 

Procedure—The Ss were run in groups of 
three in the first experiment and in groups of 
four in the duplication experiment. They were 
given the usual instructions: (a) to attempt to 
keep the stylus tip on the target as it rotated, 
(b) not to press down on the stylus, but to 
follow the target with a relaxed swinging move- 
ment of the arm, and (c) to relax the body to 
avoid becoming tired. Stylus grip and stance 
were demonstrated and corrected, and after a 
3-sec. warning, the rotors were started. The Ss 
were encouraged periodically during practice. 

Practice consisted of 3 min. of continuous 
rotary pursuit, followed by a 5-min. rest, and 
then 8 min. of continuous postrest practice. 


*The authors gratefully acknowledge the 
generous cooperation of Lucy Spurgeon and 
Ervin Detjen, principals of Cochran School, and 
S. V. Noe, principal of Girls High School, 
Louisville public schools. 


. 


This particular work-rest-work cycle was used 
because it provides nearly optimum conditions 
for maximum performance (2, 3). Cumulative 
time on target was recorded at 20-sec. intervals. 
The duration of the intervals was timed manually 
with a stop watch. During the rest period Ss 
talked with Es and with each other. 

The duplication experiment was similar to the 
original except that Ss were run in groups of 
four instead of three. The Ss were run by a 
different E a year after the completion of the 
original experiment. 


RESULTS 


Since it was found that the results 
of the two experiments, when an- 
alyzed separately, were very similar, 
the data were combined. Although 
the main variables studied here are 
age and sex, the presentation of the 
results and their discussion are organ- 
ized in terms of those phenomena 
which have figured in theoretical 
formulations (2, 13), in an attempt 
to discover clues to the acquisition 
process in rotary pursuit. 

Performance before and after rest.— 
In Fig. 1 are plotted the mean time- 
on-target scores made by boys and 
girls at the several grade levels. In 
prerest practice the shapes of the 
curves for the two sexes and the five 
age levels are similar. However, with 
increasing age the curves rise more 
sharply, this rise being most marked 
for boys.. The greatest slope appears 
in the prerest curve for the boys in 
Grade 12. Over-all greater increase 
in slope occurs in the performance 
curve of the boys. 

The shape of the postrest perform- 
ance curves also changes with in- 
creasing age. Children in Grade 3 
show some gain over rest, this gain 
being somewhat greater for the boys. 
However, there is no_ identifiable 
warm-up decrement, and the decre- 
ment in subsequent performance is 
slight. Generally, the curves for both 
sexes are rather flat. By Grade 6 
there is more marked gain over rest, 
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Mean rotary pursuit performance before and after a single 5-min. rest as related 


to sex and grade level (N = 35 at each point). 


followed by the usual decremental 
portion and gradual resumption of 
rise. The curves for boys and girls 
have quite similar shapes. The post- 
rest curves for children in Grades 9, 
11, and 12 show the typical postrest 
rotary pursuit phenomena (2) in- 
cluding warm-up decrement. How- 
ever, inspection suggests that there 
are different amounts of reminiscence 
and warm-up decrement for boys and 
girls with increasing age. The curves 


shown for Grade 12 children appear 
to be very much like massed practice 
curves for college students (3, 4, 6, 7). 

Level of performance is the third 
important aspect of acquisition. In- 
spection of Fig. 1 shows that with in- 
creasing age the initial level of prerest 
practice increases for both boys and 
girls, although more markedly for the 
former. Changes in final level of 
performance during both pre- and 
postrest practice are shown in Fig. 2. 
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Fic. 2. Performance levels during last 
minute of prerest and postrest practice as a 
function of age (grade) for boys and girls. 


The mean of the last three 20-sec. 
trials in each of the two periods of 
practice was obtained. Comparison 
of these curves indicates that with 
increasing age, performance level in- 
creases for boys; but for girls, per- 
formance level increases from Grades 
3 through 9, and then decreases. 
This leads to an increasing difference 
in performance level between boys 
and girls. Whereas boys are always 
superior to girls in performance, this 
difference increases very markedly 
from Grade 9 to Grade 12 and is 
greatest during postrest practice. 
Reminiscence.—Classical _ reminis- 
cence, or gain in performance after 
rest over the level expected had there 
been no rest, was measured in the 
present study in the following manner. 
An estimate of the level which would 
have been attained had the group not 
been given a rest was obtained by 
forward extrapolation of a line drawn 
through the mean of the prerest 
performance curve. The slope was 
determined by the first and last points 
in this period. The difference be- 
tween this point and the actual score 
made on the tenth or first postrest 
trial is the estimate of classical 
reminiscence. These estimates were 
made for boys and girls separately at 
each grade level. They are shown in 


Fig. 3A, from which it is evident that 
reminiscence is an increasing function 
of age (grade level). The over-all 
amount of reminiscence is greater 
for boys than for girls. 

This particular method of measur- 
ing reminiscence does not correct for 
warm-up. decrement; hence the 
method described by Ammons (2, 3, 
4) was also used. He has suggested 
(2) that reminiscence is related to the 
dissipation over rest of a temporary 
decremental factor, Dw; This Dy, 
is defined as the difference between 
the score estimated by the forward 
extrapolation of prerest performance 
level as described above to the next 
trial (here, Trial 10, had there been no 
rest) and the theoretical score on 
Trial 10 as estimated by the back- 
ward extrapolation of a line whose 
slope is determined by the highest and 
lowest points during postrest practice 
and which passes through the mean 
of the points included between the 
highest and lowest points. 

Curves showing amounts of tem- 
porary work decrement so estimated 
are shown in Fig. 3C. These indicate 
that temporary work decrement (Dyw;) 
is an increasing function of grade level 
(or age) for both boys and girls from 
Grade 3 to Grade 11. In terms of 
percentage of time on target, Dw, 
appears to be greater for boys than 
for girls; however this may be due to 
differences in performance level. It 


‘will be noted that generally the two 
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Fic. 4. Relationship between warm-up 
(Dwu) and temporary work decrement (Dy;) and 
proficiency after rest, corrected for warm-up 
decrement. 


methods of estimating reminiscence 
give rather similar results. Appar- 
ently when warm-up is not corrected 
for, the estimate of reminiscence (see 
Fig. 3A) is depressed. 

Warm-up decrement.—A rough es- 
timate of the amount of rise to a 
higher level after rest as related to age 
and sex can be made by comparing 
the curves in Fig. 1. However, a 
clearer picture is obtained in Fig. 3B, 
where the estimates were obtained in 
the way suggested by Ammons (2). 
He defined warm-up decrement (Dy) 
as the difference between the actual 
score made on the first trial after rest 
(Trial 10) and the theoretical score 
arrived at by backward extrapolation 
of a line fitted to the highest and low- 
est points of postrest performance 
and drawn through thé mean of the 
intermediate points. Estimates de- 
rived in this fashion and shown in 
Fig. 3B indicate that D,, is also an 
increasing function of age, with no 
appreciable amount at Grades 3 and 6, 
but for boys an increasing amount 
with increase thereafter in age, and 
for girls an increasing amount at least 


through Grade 11. 


DiscussIoNn 


Proficiency, temporary work decre- 
ment, and warm-up decrement all show 
systematic changes with age, and these 


changes are roughly similar for boys and 
girls. In Fig. 4, temporary work decre- 
ment (Dw:) and warm-up decrement 
(Deu) are plotted against proficiency 
(level of performance on the first post- 
rest trial, corrected for Dyu), separately 
for boys and girls. There appears to be 
a basic relationship which is the same or 
very nearly the same for boys and girls. 
Temporary work decrement is directly 
proportional in amount to level of pro- 
ficiency. Backward extrapolation of the 
curve suggests that the relationship may 
well hold back to zero proficiency. 
Warm-up decrement probably does not 
appear until a certain minimum level of 
proficiency is reached, and then develops 
more slowly than temporary work dec- 
rement. It should be noted that varia- 
tions in proficiency here are not due to 
specific practice of rotary pursuit, since 
amount of practice was the same for all 
groups and Ss were naive to the task. 

The apparent relationships between 
Dw: and Dw. and proficiency may be to 
some extent an artifact of the methods 
of measurement utilized. Units are 
probably “distorted” near the zero level 
of proficiency by some sort of threshold 
effect, with the result that Dw:, Duu, and 
proficiency vary concomitantly. It is 
also true that these three variables are 
not measured independently. An error 
in the estimation of proficiency after rest 
will correspondingly increase or decrease 
the estimates of Dw: and Dwuu. 

Although measurement factors may 
increase the correlations among the 
measures, they probably do not account 
for more than a part of them. The 
results can also be interpreted specu- 
latively in terms of transfer as follows. 
Basic proficiency is due to a combination 
of fundamental ability and transferred 
skill. Presumably the fundamental 
ability is about the same from age level 
to age level, so that changes in profi- 
ciency with age can be attributed to 
changes in amount of transfer. It is 
easy to see how variety of skills acquired 
and proficiency in them increase with 
age, this producing more transfer to 
“new” tasks. Since boys and girls are 
probably equal, or nearly so, in funda- 
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mental ability, the lesser proficiency of 
the girls and younger children is due to 
their having learned fewer skills and 
having learned them on the average less 
well than the boys and older children. 
With a greater number of habits from 
which transfer can take place, the boys 
and older children should experience 
greater negative as well as greater 
positive transfer. The “overcoming” of 
the interfering response tendencies leads 
to temporary work decrement, while 
their “spontaneous recovery” over rest 
leads to warm-up decrement. Thus we 
would expect to find greater warm-up 
and temporary work decrement as- 
sociated with greater proficiency due to 
general transfer. 

If the above speculation is at least 
partially correct, there should be cor- 
responding correlated differences in 
warm-up and temporary work decrement 
associated with differences in proficiency 
within an age or sex group. That is, 
there should be more Dy, and Dy: the 
greater the proficiency. Pomeroy (16) 
found that more proficient Ss experienced 
a greater warm-up decrement after rest, 
but there seemed to be no appreciable 
difference in temporary work decrement. 
Adams and Reynolds (1) found no 
simple relationship among the three 
variables when they compared groups of 
trainee airmen differentiated according 
to initial level of ability. It is quite 
possible that fundamental ability is not 
related to Dy. and Dy; in the same way 
that transferred skill is, and that differ- 
ences in fundamental ability are com- 
plicating Adams and Reynolds’ results. 

The physical arrangement of the 
apparatus may have been responsible 
for some age differences in performance. 
Relative to the children’s size and reach, 
the rotor turntable may have seemed 
larger for the younger children. How- 
ever, the younger children did not seem 
to have difficulties associated with ap- 
paratus size, and, as a matter of fact, no 
child was so small that he or she could 
not easily reach the target when it was 
farthest away. In the present study the 
performance of the girls drops from 
Grade 9 to Grade 12. Since this drop 


has been observed with other activities 
(11), and appeared in both of our ex- 
periments, it is probably “real.” Po- 
tential transfer can hardly be less in 
Grade 12 than in Grade 9, so some other 
variable must be producing the drop. 
Perhaps motivation sensitizes transfer. 
Then when motivation decreases, amount 
of transfer decreases. 

The shape of the prerest acquisition 
curves in the present study may be of 
considerable importance. Not only does 
performance start at a higher level, but 
it also increases more rapidly in the case 
of the older children. Assuming that 
increase in proficiency with age is due to 
transfer, one can conclude that transfer 
influences not only the initial level of 
performance but also the rate of rise and 
final level of performance. 

From a practical point of view it is 
worth pointing out that the relationship 
between age and proficiency is a con- 
tinuous one, as are the relationships 
between proficiency and warm-up and 
temporary work decrement. It was also 
noted during the experimentation that 
younger Ss cooperated as well on the 
whole as older Ss. On these bases, 
there is little reason why various age 
groups and boys and girls cannot be 
used interchangeably in many ex- 
periments. 


SUMMARY 


This experiment was conducted to determine 
the relationship for pre-adult male and female 
Ss between age and various aspects of acquisition 
and performance of a simple motor skill. The 
Ss were 350 children, 35 boys and 35 girls each 
in Grades 3, 6,9, 11, and 12. Three minutes of 
continuous practice on the pursuit rotor were 
followed by a 5-min. rest, then a further 8 min. 
of continuous practice. It was found that: 
(a) there was a marked over-all increase in 
proficiency accompanying increase in age, with 
boys showing an increasing superiority over 
girls; (b) the proficiency of the girls declined 
from Grade 9 to Grade 12; (c) temporary work 
decrement (reactive inhibition) and warm-up 
decrement generally increased in amount with 
increasing age, and boys showed more than 
girls; and (d) temporary work decrement and 
warm-up decrement were roughly proportional 
in amount to level of proficiency, with temporary 
work decrement present at all levels, while 
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warm-up decrement did not appear until a 
certain minimum level of proficiency was 


reached. 


It was concluded that: (a) the results 


can best be accounted for in terms of a transfer 
theory of acquisition and decrement, which 
theory was outlined; (b) for most purposes Ss 
of both sexes and a wide age range can be used 
to study the phenomena of acquisition and 
decrement in rotary pursuit, even though there 
are marked quantitative differences in perform- 
ance among the groups. 
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AN ANALYSIS OF THE “VERTICAL- 
HORIZONTAL ILLUSION” 


TEODOR M. KUNNAPAS 


University of Stockholm, Sweden 


The vertical-horizontal illusion was 
one of the first illusions that was 
studied experimentally. In 1851 Fick 
(4) called attention to the discrepancy 
between vertical and horizontal judg- 
ments; he pointed out that “a bright 
square on a dark ground looks like a 
vertical oblong.” In 1859! Wundt 
(24) published the first systematic 
study of that phenomenon. In this 
and a subsequent study (25) he tried 
to explain the tendency to overesti- 
mate a vertical line as compared with 
a horizontal line of equal length by 
eye movements. Helmholtz (9) ob- 
served the same illusion in connection 
with his lined squares. 

Several earlier textbooks of psy- 
chology (e.g., 3, 17, 20) and some 
recent ones (e.g., 1, 7, 13, 23) mention 
the vertical-horizontal illusion, il- 
lustrating it sometimes by the L form; 
but usually the inverted T figure or a 
modification of this is employed. 
Sleight and Austin (18) investigated 
the overestimation of the vertical line 
in plane geometric figures. 

Different attempts (11, 12, 16, 19, 
21, 22, 23, 24, 25) have been made 
to explain the overestimation of the 
vertical. One of the most interesting 
hypotheses was put forward by Koffka 
(10). He pointed out that our phe- 
nomenal or behavioral space is aniso- 
tropic, and not Euclidean; and that 
it has different properties and stresses 
in different directions, even in its main 
directions such as horizontal and 


1 Although Wundt’s monograph is dated 
1862, parts of the Beitrage had appeared earlier 
in various issues of the Zeitschrift nd rationelle 
Medicin. 


vertical. The overestimation of the 
vertical is a manifestation of this in- 
equality of the horizontal and the 
vertical directions, and it appears in 
our perceptions. 

It was Pan (14) who first empha- 
sized that one of the vertical-hori- 
zontal figures—the inverted T figure— 
is an illustration of something more 
than the vertical-horizontal illusion. 
Finger and Spelt (6) found that the 
additional factor, included in the in- 
verted T, is the bisection of the hori- 
zontal line by the vertical. 

The present investigation involves 
study of different vertical-horizontal 
figures, not only the inverted T. It 
will be demonstrated that actually 
we have to do with two different 
illusions which produce the phenom- 
enon that has, until now, been errone- 
ously called the vertical-horizontal 
illusion. 

One of these illusions is undoubtedly 
the overestimation of the vertical line 
in relation to the horizontal line of 
equal length. This classical illusion, 
however, cannot explain the whole 
effect. Figure 1 shows two horizontal 
lines (6) and (c), which are connected 
with a third vertical line (a), all three 
lines are of equal length. Neverthe- 
less, one of the horizontal lines (bd) 
appears shorter, and the other (c) 
longer than the vertical line (a). Itis 
of particular interest to note that the 
horizontal line (c) appears longer than 
the vertical line of equal length (a). 
With regard to the overestimation of 
the vertical this phenomenon is in- 
explicable, almost paradoxical. The 
only possible explanation is to assume 
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Fic. 1. The horizontal line (c) seems longer 
than the vertical line (a) of equal length. 


the existence of a new illusion, which 
must be considerably stronger than 
the classical one, since it not only 
compensates for the overestimation of 
the vertical, but is even capable of 
effecting an obvious lengthening of the 
horizontal line. 

The hypothesis underlying the pres- 
ent analysis is that the new illusion, 
which appears in the vertical-hori- 
zontal figures, is due to the overesti- 
mation of the dividing line. Accord- 
ing to this hypothesis we overestimate 
the dividing line as compared with the 
divided line, irrespective of whether 
the direction is vertical or horizontal. 

On the basis. of this hypothesis, 
three testable predictions may be 
made. (a) If the dividing line is 
vertical and the divided horizontal, 
the two illusions are operating in the 
same direction, and therefore the size 
of the composite illusion is equal to the 
sum of the two illusions. (b) If, on 
the other hand, the dividing line is 
horizontal and the divided line verti- 
cal, the two illusions are acting in 
opposite directions, and the size of the 
composite effect is equal to their 
difference. If the two illusions are of 
equal strength, they will neutralize 
each other, and vertical and _ hori- 
zontal lines that are equal physically 
also appear to be equal. (c) Unlike 
the classical illusion, the amount of 
the overestimation of the dividing line 
is variable. The nearer the two parts 


of the divided line are to being equal, 
i.e., the more the position of the 
dividing line approximates to the mid- 
point of the divided line, the greater 
the illusion will be, and, on the 
contrary, the more unequal they are, 
the smaller the illusion will be. 


METHOD 


Stimulus materials—The vertical-horizontal 
figures that were used were drawn in the center 
of white cardboard squares whose sides were 
21cm. Each square contained one figure. The 
length of the horizontal, divided line was 50 mm., 
while the length of the vertical, dividing line 
varied from 35 to 64 mm. The interval of 
variation was 1 mm. The lines were drawn 
with black India ink and their width was .3 mm. 

The vertical dividing line intersected the 
horizontal divided at nine different points. 
These nine positions of the dividing line, one on 
each figure, were as shown in Fig. 2. As the 
length of the horizontal line was 50 mm., in the 
two last cases the dividing line touched the 
horizontal at its left and its right end, respect- 
ively. These two figures belong to the L. form. 
The left direction will be indicated by a minus 
sign. 

Procedure.—The exposure of the figures, one 
at a time, was orthogonal to S’s line of vision. 
The distance between S’s eyes and the figure 
was 100 cm. The surface of the square was 
illuminated by a lamp which was screened 
from S. 

The constant method was employed in the 
experiments. After making preliminary trials, 
we selected, for every position, a limited number 
of squares which were presented to S in a pre- 
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Fic. 2. Positions of the dividing line in 
relation to the divided line, in millimeters. 
Figure shows the midpoint position (inverted T 
figure). 





> 


136 TEODOR M. KUNNAPAS 


arranged order that was unknown to him. The 
S had to compare the length of the exposed 
vertical and horizontal lines, and to report 
whether the dividing line is shorter, equal, or 
longer than the divided line. A maximum of 5 
sec. was allowed for carrying out the judgments. 
The few cases where S could not make a definite 
report after 5 sec. were counted as “equal.” 
Experimental conditions—Four conditions 
were arranged (see Fig. 3). In Cond. I the 
dividing line was vertical and directed upwards, 
and the divided line was horizontal. The way in 
which this experiment was conducted is de- 
scribed above. In Cond. II the squares con- 
taining the figures were rotated clockwise 90°, 
so that the dividing line was now horizontal, and 
directed to the right, whereas the divided line 
was in a vertical position. The S had to report 
whether the variable horizontal line was shorter, 
equal, or longer as compared with the vertical 
line. In Cond. III the figures were again 
rotated clockwise 90°, so that the dividing line 


.assumed a vertical position, as in Cond. I, 


but was now directed downwards. The divided 
line was horizontal. The S had to report in the 
same way as in Cond. I. In Cond. IV the 
figures were again rotated clockwise 90°. Thus, 
the dividing line once again assumed a horizontal 
position, as in Cond. II, but was now directed 
to the left. The S’s task was the same as in 
Cond. II. 

The purpose of Cond. I and III was to test 
prediction a. Conditions II and IV were de- 
signed to examine prediction 5. The nine 
different positions in every experiment may also 
be used to test prediction c. 

Each experiment was repeated four times on 
four different days. The sequence of the experi- 
ments was rotated so as to equate any possible 
learning and fatigue effects. 

Subjects —The Ss were ten undergraduate stu- 
dents of psychology with normal visual acuity. 
In connection with the experiments that were 
conducted for four days, every S made about 
1,300 judgments. Thus, the complete set of 
data is based upon 13,000 judgments. 


RESULTS 


For each of the nine positions of the 
dividing line in every experiment, the 


vond. I Cond. II Cond, III Cond. IV 


Fic. 3. Directions of the ‘dividing line 
in the four conditions. 
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Fic. 4. The length of the vertical dividing 
line which appears equal to the horizontal 
divided line of 50 mm. The direction of the 
dividing line is upwards. 


point of the subjective equality (PSE) 
was. taken as the significant measure 
of Ss’ responses.: Also the upper 
limen (L,) and the lower limen (L,), 
as well as the interval of uncertainty 
(IU), were computed by Spearman’s 
method of the arithmetic mean (8).? 

The dividing line upwards and 
downwards.—The results of Cond. I 
and III are very similar (see Fig. 4 
and 5). The vertic dividing line is, 
in every position, peng! than the 
divided line, but the amount of the 
overestimation varies in different posi- 
tions. The physical length of the 
vertical line, which appears equal to 
the horizontal divided line of 50 mm., 
is greatest at the end positions. The 
nearer we approach the midpoint 
position, the more the length of the 
vertical line diminishes. The diminu- 
tion is rectilinear and symmetrical. 
The length of the vertical line is 
shortest in the midpoint position, i.e., 
the effect of the illusion has reached 
its maximum. 

On analyzing these results, we dis- 


2? Complete tables of data by condition and 
variation of stimulus have been filed with the 
American Documentation Institute. Order 
Document No. 4425, $1.25 for microfilm or 
$1.25 for photocopies. 
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Fic. 5. The length of the vertical dividing 
line which appears equal to the horizontal 
divided line of 50 mm. The direction of the 


dividing line is downwards. 


cover two factors operating in the same 
direction: (a) A constant factor. The 
average size of this factor is 1.71 mm. 
or 3.42%. It is the classical over- 
estimation of the vertical line in 
comparison with the horizontal line of 
equal length; (b) A variable factor. It 
has its maximum value of 4.80 mm. 
or 9.6% at the midpoint position, 
and two minima at the end positions. 
At its maximum value the divided line 
is bisected; at the two minima, one 
part of the divided line is equal to the 
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Fic. 6. The length of the horizontal dividing 
line which appears equal to the vertical divided 
line of the 50mm. The direction of the dividing 
line is to the right. 





whole length of the line, whereas the 
other part equals zero, i.e., there 
actually is no-division. Accordingly, 
the variable factor is here equal to 
zero. This factor is the overestima- 
tion of the dividing line which is due 
to the dichosection of one line by 
another. The effect of the total 
illusion is equal to the sum of the 
effects produced by the two factors. 
The dividing line to the right and to 
the left-—The results of Cond. II and 
IV are also very similar (see Fig. 6 
and 7), which leads to the conclusion 
that the direction of the dividing line 
is of no essential importance: Here 
the physical length of the dividing 
horizontal line varies in the same way 
as the dividing line in Cond. I and 
III, where it was vertical. The 
maximum of the illusion is also at the 
midpoint position, with two minima 
at the end positions. In this case, 
however, the dividing line is not 
always shorter than the divided line. 
On the contrary, at the two end 
positions it is actually longer than the 
divided line. Only on” approaching 
the midpoint position it becomes first 
equal, and then shorter. This result 
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Fic. 7. The length of the horizontal dividing 
line which appears equal to the vertical divided 
line of 50 mm. The direction of the dividing 
line is to the left. 
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was to be expected since here the same 
two factors are operating antagonist- 
ically: the overestimation of the 
vertical lengthens the dividing line, 
which is here horizontal, and the 
dichosection shortens the same line. 
This means that the effect of the total 
illusion is here equal to the difference 
of the effects produced by the two 
factors. 

When we compare the amount of 
overestimation of the vertical line in 
these conditions with the correspond- 
ing results of Cond. I and III, we can 
observe a considerable difference. In 
the latter case, the average over- 
estimation of the vertical line was 1.71 
mm., whereas here it is 3.64 mm. 
Yet it could be expected to be nearly 
the same in both cases. 

However, it must not be forgotten, 
that here we had calculated with the 
physical length of the vertical line 
being 50 mm. The corresponding 
phenomenal length, owing to the over- 
estimation of the vertical line, must 
be greater. When making a com- 
parison, we must, however, take as 
our point of departure the apparent 
length of 50 mm., which corresponds 
to the physical length of 48.29 mm. 
On making a recomputation on this 
basis, we get an average of 1.77 mm. 
or 3.54% for the direction to the right, 
and an average of 1.83 mm. or 3.65% 
for the direction to the left. These 
results are practically the same as the 
corresponding data for Cond. I and 
III. Other lengths of the dividing 
line also change in a similar manner 
(see Fig. 6 and 7). 

When comparing the data of Cond. 
II and IV with the data of Cond. I 
and III it is evident that the two 
illusions appearing in the vertical- 
horizontal figures—the overestimation 
of the vertical line, and the overesti- 
mation of the dividing line—are_in- 
dependent of each other: (a) They 





a 


Fic. 8. Variables in the formula for the 
overestimation of the dividing line. 


can operate either in the same direc- 
tion or antagonistically; (b) the over- 
estimation of the vertical is always 
connected with the vertical position, 
whereas the illusion due to the dicho- 
section is independent of this direc- 
tion. In the latter case, we over- 
estimate the dividing line as compared 
with the divided line. 

Magnitude of the illusion.—Since 
the overestimation of the dividing line 
increases or diminishes rectilinearly 
and symmetrically, it is not difficult 
to express its magnitude by a mathe- 
matical formula. Fyrom the two equal 
right-angled triangles (see Fig. 8) we 
re h : ) 5d—a 

ave the equation 7 = ——7—. 


Solving for y we obtain 


2a 
, = 1 — 
y ( Z Jo, (1) 


where a = the distance of the dicho- 
section from the midpoint, b = the 
maximal magnitude of the illusion in 
the midpoint position, and d = the 
whole length of the divided line. As 
we saw above, the classical over- 
estimation of the vertical line, which 
is constant c, appears in the same 
figure. If we wish to find the magni- 
tude of the total illusion x, we have 
to add to formula 1 the constant c. 


Thus, 
ra (1-*)ote, (2) 


where 6 and c¢ are experimentally 
determined. We must bear in mind 
that the constant c may be positive or 
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negative. If the dividing line is in 
vertical position, ¢ is positive, if it is 
horizontal, ¢ is negative, i.e., it 
lengthens the divided line. At the 
midpoint position of the dividing line 
a=0, and x=b+c. At the end 
position a = .5d, and x = ¢. 

By using formula 2 we can compute 
the theoretical size of the total illusion 
in each of the nine positions and 
compare these with the empirical data 
obtained experimentally. Table 1 
shows a comparison between the 
theoretical and the empirical data, 
where c = 1.71 mm. and b = 4.80 
mm., which are the average results in 
the vertical position of the dividing 
line. 

If we compute, by using the same J 
and ¢ values, the theoretical data for 
the horizontal dividing line, and com- 
pare them with empirical data (see 
Table 2), we shall have another possi- 
bility of checking prediction c. 

Thus, since all three predictions 
have proved to be valid, even in their 
quantitative formulation, they con- 
firm our hypothesis. 


SUMMARY 


The present study investigates the so-called 
vertical-horizontal illusion. Figures in addition 


TABLE 1 


CoMPARISON OF THEORETICAL AND EMPIRICAL 
Data oF THE MAGNITUDE OF THE TOTAL 
Ittusion (1n Mrtumeters) WHEN THE | 


Divipinc Line 1s VERTICAL 





Empirical 
Positions 








| 
Theoretical | 
| 
| 


| 
| 
| 
| 


Cond. I | Cond. III 
| 
| 


—25 1.71 1.73 1.74 

—19 2.86 3.04 2.98 

—13 4.01 3.95 | 3.87 

-7 $17 | 5.22 | 5.00 

Zz 6.51 | 6.55 | 6.47 

; | 2 5.11 5.20 

13 4.01 | 3.86 | 3.89 

19 2.86 2.94 2.95 
25 | 1.71 | 1.67 | 





TABLE 2 


CoMPARISON OF THEORETICAL AND EMPIRICAL 
Data on THE MAGNITUDE oF THE TOTAL 
ILttusion (1n MiLtiimeters) WHEN THE 

Divipinc Line 1s HorizonTau 








| 











| Empirical 
Positions Theoretical 

Cond. II Cond. IV 

—25 —1.71 | —185 | —1.77 

-19 - 5 | — 57 | — 1% 
—13 . 34 | im 

-7 1.75 170 | 1.79 

0 3.09 | 3.12 | 3.06 

7 1.75 1.83 1.65 

13 59 56 37 

19 — 56 | — 41 — 81 

25 | —L71 | —169 | —1.88 





to the L form and the inverted T were analyzed 
systematically. Four conditions were arranged, 
according to the four directions of the dividing 
line. In each condition nine different positions 
of the dividing line in relation to the divided 
line were used. 

The principal findings are as follows: 

1. In the vertical-horizontal figures two 
different illusions appear: (a) the classical over- 
estimation of the vertical line as compared with 
a horizontal line of equal length, and (6) the 
overestimation of the dividing line. Together 
they produce the phenomenon that has, until 
now, been erroneously called the vertical- 
horizontal illusion. 

2. The main differences of these illusions are: 
(a) The overestimation of the vertical line is 
always connected with the vertical position, 
whereas the illusion due to the dichosection is 
independent of this direction. Here we over- 
estimate the dividing line as compared with the 
divided line. (b) Unlike the classical illusion, 
the latter is variable, it has a maximum at the 
midpoint position and two minima at the two 
end positions. (c) The amount of the overesti- 
mation of the dividing line can be considerably 
stronger than the overestimation of the vertical 
line, depending on the distance from the mid- 
point position. 

3. Where the dividing line was vertical and 
the divided line horizontal, the two illusions 
operated in the same direction, and the amount 
of the total illusion was equal to their sum; 
where the dividing line was in a horizontal 
position and the divided line was vertical, the 
two illusions were acting in opposite directions, 
and the amount of the total effect was equal to 
the difference between their individual effects. 

4. At the two end positions, where one part 


= 


= 
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of the divided line is equal to the whole length 
of the line (the L figure), the illusion due to the 
dichosection equals zero, and only the over- 
estimation of the vertical line produces the 
illusory effect. 

An attempt is made to express quantitatively 
the magnitude of the overestimation of the di- 
viding line as well as the magnitude of the total 
illusion. 
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THE VARIATION IN WIDTH AND POSITION 
OF MACH BANDS AS A FUNCTION 
OF LUMINANCE! 


CELESTE McCOLLOUGH 
Olivet College 


If two uniformly illuminated rec- 
tangles of different luminances are 
viewed one above the other, and in 
such a way as to have one side in 
common, an observer reports a con- 
tour at the common border. If, now, 
instead of being uniformly illumi- 
nated, one or both rectangles display 
a changing luminance from top to 
bottom, with a sharp but continuous 
change in luminance at the common 
border, O reports a band of finite 
width at this border, the band being 
either darker or brighter than the 
fields immediately contiguous to it. 
This sharp change may be described 
as a change in the rate of change 
of luminance. A negative change in 
the rate of change is correlated with 
the report of a bright band, a positive 
change with the report of a dark 
band. 

Observation of this effect has a long 
history, but little in the way of 
systematic analysis has_ resulted. 
Mach must be credited with having 
first reported the observation (5, 6, 
7, 8,9) and with having provided the 
most complete analysis of its char- 
acteristics. A number of subsequent 
observers, including McDougall (4) 
and Thouless (11), have described the 
phenomenon independently. 


1 This report was prepared under Project No. 
NR 142-404, Contract N6onr-271, Task Order 
IX, between Columbia University and the Office 
of Naval Research, U. S. Navy. Reproduction 
in whole or in part is permitted for any purpose 
of the U.S.Government. The writer is indebted 
to Professor C. H. Graham for his guidance of 
the study here reported. 


Since Mach’s first report, it has not 
been necessary to question the de- 
pendence of these bands upon a 
sudden change in the rate of change of 
luminance, or to demonstrate their 
subjectivity. Photographs of rec- 
tangles varying appropriately in lumi- 
nance show the band phenomenon. 
The absence of maxima or minima of 
density in the photographic plates 
may easily be verified by examining 
them with a densitometer. It is also 
clear that the phenomenon is ulti- 
mately dependent upon interaction, 
since progressive restriction of the 
surround above and below the band 
weakens it and eventually results in 
its disappearance (9, p. 647). 

To account for the band phe- 
nomenon in terms of interaction 
effects, it is essential to have precise 
quantitative information about its 
dependence upon luminance char- 
acteristics of the stimulus field. In 
describing these characteristics, it is 
helpful to think of the stimulus field 
as divisible into unit areas, or into 
rows of such unit areas, whose lumi- 
nance remains constant in one dimen- 
sion (along the rows) and varies along 
the other dimension. The course of 
this variation will be referred to as the 
luminance gradient, and its character- 
istics may be stated mathematically 
or described graphically. 

A type of luminance gradient giving 
rise to distinct bright bands was 
employed in the present investigation. 
The graph of this gradient (Fig. 1) 
shows a flat limb of constant maxi- 
mum luminance, intersected by a 


141 





142 CELESTE McCOLLOUGH 





LUMINANCE (ML) 











i. 4 A. i i 
“50 ° 50 wo 150 
DEVIATION FROM POSITION 


OF MAXIMUM SLOPE (MINUTES) 





Fic. 1. Graph describing the form of the 
luminance gradient employed. The abscissa 
corresponds to the’ vertical dimension of the 
stimulus square; the left end of the abscissa 
represents the bottom edge of the square. The 
bright band appears in the vicinity of the point 
of maximum slope of the gradient, which is 
represented here at 0 on the abscissa. 


concave limb describing a negatively 
accelerated decrease in luminance. 
The bright band is seen in the vicinity 
of the intersection, where change in 
luminance is most rapid. 
Experimental operations on this 
gradient were of two kinds, which will 
be described in detail in the next 
section. One operation added a con- 
stant amount of light to all points in 
the stimulus field. Such an operation 
does not change the slope character- 
istics of the luminance gradient, but 
merely shifts the position of the 
gradient on the luminance axis. Lu- 
minance decreases at the same rate as 
previously, but it begins decreasing 
from a higher maximum luminance 
value. The other experimental 
operation produced a proportional in- 
crease or decrease in the luminance of 
all points in the stimulus field, 
changing the slope characteristics of 
the gradient as well as the maximum 
luminance value. i 


In discussing the effect of these 
experimental operations upon band 
width, it is convenient to treat the 
luminance gradient in terms of its 
logarithmic transformation. The log 
luminance gradient describes relative 
luminance change. Addition of a 
constant amount of light to all points 
affects the slope characteristics of the 
log luminance gradient, since it alters 
the relative luminance differences. A 
proportional increase or decrease in 
the luminance of all points in the 
stimulus field does not affect its slope 
characteristics, but merely shifts the 
position of the gradient with respect 
to the log luminance axis. 

Two log luminance gradients with 
different degrees of curvature of the 
concave limb? were chosen for study. 
Each was observed at five positions 
on the log luminance axis. Measure- 
ments of width and position of the 
apparent bright band were made at 
each position and will be reported in 
relation to these variations in the 
log luminance gradient. The results 
will also be discussed in terms of the 
effect of varying position and slope of 
the luminance gradient itself. 


METHOD 


The measurement of width of band requires a 
means of producing suitable log luminance 
gradients, a method for shifting the position of 
the gradient on the log luminance axis, and a 
manner of indicating the position of the contours 
of the band. The nature of the situation in 
which these conditions were met will be in- 
dicated first; the apparatus used will then be 
described in detail. 

The O’s eye receives light which originates at 
a uniform source and upon which a luminance 
gradient has been imposed by an intervening 
sector disc. Luminance is constant over the 


2 In the present report, the difference between 
the gradients will be specified only by graph, 
and the descriptive terms “steeper” and “shal- 
lower” will be used to refer to the gradients 
showing greater and lesser concavity, re- 
spectively. 
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Fic. 2. Stimulus square, as seen by 0. 
Indicator line is not shown in the photograph. 


lower half of the stimulus field; near the center, 
luminance decreases sharply, and continues to 
decrease at a decreasing rate between the center 
and top of the patch. The O sees a square 
field of steady light, surrounded by darkness, 
with its lower half brighter than the upper half 
and separated from it by a band brighter than 
either the upper or the lower half. He may 
indicate the upper and lower contours of the 
band by aligning a small black horizontal line 
segment with either of the contours. Figure 2 is 
a photograph of the stimulus square. 

Figure 3 shows the apparatus schematically. 
The light source at L is a GE No. 213 photo- 
enlarger bulb with an evenly coated white 
surface. It is operated on DC current at con- 
stant voltage to give a luminance of 7250 ml. 
Directly in front of L, at 18.25 in. from the eye, 
the sector disc (D) is mounted on the shaft of a 
j-hp. universal motor. The field stop (FS) is 
a l-in. square at 15 in. from the eye, limiting 
the stimulus patch to 3.82° of visual angle. A 
glass plate (P) in contact with the field stop 
may be moved vertically by a micrometer screw; 
it carries the indicator line, 18’ by 1.6’, in a 
path in the approximate center of the stimulus 











square. Neutral density filters in the filter box 
(FB) control luminance of the field as a whole. 

Seated in a darkroom, O looks at the field 
through a 3-mm, artificial pupil in the left eye- 
piece of a binocular viewer. The right eyepiece 
is occluded, and the viewer is mounted on a 
wooden tube, 12 X 4 X 6 in., fastened to the 
wall of the darkroom. Masks (B;, Bz) inside 
the blackened tube and shields (S,, S:) outside 
the darkroom insure zero luminance when the 
opaque sector disc passes before the light source. 

The rotating disc is mounted in a position 
such that a section of the disc passing over the 
center of rotation intercepts the light from L. 
The shape of the sector cut from the disc 
determines the characteristics of the luminance 
gradient according to the Talbot-Plateau law. 
By that law, when luminance of the dark flash 
is zero, lumihance at any distance r from the 
center of rotation is given by 


6 
B= B.(>), 


where B, is the bright flash luminance and @ is 
the size of the open sector in radians at the 
distance r. 

Figure 4 is a diagram of the disc employed. 
The open sector is bounded by two radii, 
N’P and QN; by a straight line, PQ’, per- 
pendicular to OP at P; and by arcs QQ’ and 
NN’. A dotted square above O, the center of 
rotation, indicates the position of the stimulus 
field with respect to the dise: For convenience 





Fic. 4. Scale diagram of the gradient disc. 
Solid lines at the upper right indicate the critical 
open sector; lines at the lower left indicate a 
balancing sector. The dotted square shows the 
position of the stimulus field with respect to the 
disc. 
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of exposition, points in the stimulus field will 
here be described by the radial distance from O 
at which their light rays pass the sector disc. 
When the disc rotates, luminance is the same 
for all rays passing the disc at a distance from O 
which is greater than m and less than 9; this 
a 
2x 
from O greater than 9, the angular size of the 
open sector is less than a, by an amount 8 which 
varies as a function of the distance from 0. 
Luminance of rays passing the disc at a distance 
r from the center, when g > r > 9, is given by 


a 


tion of this function reveals that the rate of 
change of luminance is infinite when r = p and 
decreases as r increases. This is also true of the 
first derivative of the logarithm of luminance. 

By coupling a second disc with the first, 
covering all or part of the open sector between 
OQ and OQ’, the size of a may be reduced. 
When this is done, a constant amount of light 
is subtracted from all points in the stimulus 
field. As a@ is reduced, variation in B as a 
function of r has a greater relative effect on 
luminance, and the log luminance of rays passing 
the disc at distances from the center greater than 
p decreases more rapidly with increasing distance 
from the center. The concave limb of the log 
luminance gradient is thus made steeper in the 
vicinity of the intersection of the two limbs. 
Log luminance gradients produced by a minimal 
and a maximal value of a were chosen for study. 
The value of a could not be less than 34°, with 
a sector disc of the dimensions used and a field 
of the given size. A maximum a of 96° was 
selected, since for greater values the apparent 
bright band which resulted was too indistinct 
to be measured with confidence. 

Proportional change in luminance over the 
stimulus field was accomplished by the use of 
neutral density filters. As described in the 
introduction, such a change alters both the 
slope characteristics and the maximum lumi- 
nance of the luminance gradient being studied. 
When the gradient is treated in terms of a log 
transformation, such changes affect only its posi- 
tion on the log luminance axis. Each of the two 
log luminance gradients spoken of above was 
investigated at five positions on the log lumi- 
nance axis, over a range of approximately 3.5 log 
ml. These positions are conveniently designated 
by the logarithm of maximum luminance. The 
five values of log maximum luminance used were 
not identical for the two gradients. 

Both gradient disc and cover disc were 
prepared from 12-in. diameter coated aluminum 
(phonograph) recording blanks. Dimensions of 


luminance is given by Bz For distances 





Br where 8, = arc cos p/r. Differentia- 
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the gradient disc sector were, in inches, n = 3, 
p = 3.5,andgq = 4.5. This sector was balanced 
by a sector of equal moment on the opposite side 
of the disc, placed beyond the visible area 
between arcs of radius 4.5 and 5.5 in. The 
cover disc had two opposite sectors of 100° each, 
bounded by arcs of radius 3 and 4.5 in. 

In an experimental session, observations were 
made on a single gradient at one luminance level. 
The O first dark-adapted for 5 min. (10 min. 
at the two lowest luminance levels), then light- 
adapted for 1 min. to the luminance of the test 
field. He then adjusted the indicator alter- 
nately for the upper and lower contours of the 
band. Adjustments for position of the upper 
contour were always made by moving the 
indicator downward from points well above the 
band, until the lower edge of the indicator was 
aligned with the upper contour of the bright 
band. Adjustments for position of the lower 
contour were made upward from points well 
below the band, aligning the upper edge of the 
indicator with the lower contour of the band.* 
The O made 10 to 15 pairs of settings, proceeding 
at his own rate and closing his eye whenever 
necessary to rest it. Between adjustments he 
maintained approximate fixation at the center of 
the band. Ten such sessions, of 30 to 45 min. 
each, were required to obtain a set of data. 

It was found in preliminary sessions that the 
variability of adjustments continued to decrease 
with practice during as many as ten sessions for 
some Os. With sufficient practice, adjustments 
could be made such that the SD of the width 
determinations in an experimental session was 
well under 12% of the mean of these determina- 
tions. When data obtained in any session 
showed a greater variability, they were not ac- 


3 It is of interest to note that the adjustment 
was necessarily an alignment, not a setting of the 
indicator edge to coincide with the contour of 
the band. The presence of the black indicator 
line in the vicinity of either border of the bright 
band led to disappearance of that portion of the 
band. The O could still indicate the position of 
the contour by aligning the edge of the indicator 
with those intact parts of the contour to the 
right and left of the disturbed region. The most 
probable explanation for this interference effect 
is that the indicator, a sharply bounded area of 
very low luminance, must have imposed ir- 
regularities upon the gradient being studied in 
that region. It seems likely that a similar 
effect may operate in some of the cases in which 
the presence of one border in the visual field 
interferes with the establishment of other 
borders. Cases of this sort have been discussed 
by Fry and Bartley (2). 
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cepted as sufficiently reliable, and the session was 
repeated. 

Four Os, all emmetropic, gave data. One was 
a graduate student and three were under- 
graduates at Columbia or Barnard College. 

At the end of each experimental session, E 
determined the objective position in the stimulus 
field of the point of maximum slope of the 
luminance gradient. This involved a series of 
adjustments for position of the point P on the 
gradient disc with the disc stationary. The disc 
was turned so that PQ’ was horizontal and N’P 
coincided with the path of the left edge of the 
indicator. Then the lower edge of the indicator 
was aligned with PQ’ in a series of ten settings; 
a bracketing procedure was used. The mean 
of these settings was taken as the objective 
position of P. The SD of these determinations 
was found empirically to be .15’. During a 
series of ten experimental sessions, the objective 
position of P so determined was found to vary as 
much as 3.0’. 


RESULTS 


The data of this experiment are 
settings of the apparent positions of 
the upper and lower contours of the 
bright band. The width of the 
bright band may be derived from 
these data, as a measure of the band 
phenomenon. Width is the difference 
between a position setting of the 
upper contour and the next following 
position setting of the lower contour, 
minus the width of the indicator. 

Changes in width of band have been 
investigated as a function of the 
logarithm of luminance at the point of 


most rapid change of luminance (for 


these gradients, log maximum lumi- 
nance), for two gradients differing in 
rate of decrease of log luminance. 
Results are presented in Tables 1 and 
2 and Fig. 5. For each log maximum 
luminance value, the tables give width 
of band (in minutes) for each of four 
Os for the steeper gradient, and for 
each of three Os for the shallower 
gradient. Each entry for an O is the 
average of several determinations; 
the number of determinations and 
SD’s are also shown. Figure 5 pre- 
sents a comparison of widths ob- 
tained for the two gradients. Sepa- 
rate figures are presented for each of 
the three Os who gave data for both 
gradients. Curves have been drawn 
through the data by inspection. 

The positions at which the contours 
of the band are seen are themselves of 
interest. These positions have been 
treated as deviations from the point 
of most rapid change of luminance 
(described here as the point of 
maximum slope), as determined at the 
end of each experimental session. 
Both the upper coritour and the 
maximum slope positions were deter- 
mined with reference to the lower edge 
of the indicator. Therefore, the de- 
viation of the apparent upper contour 
from the point of maximum slope is 
the difference between the position 
setting for the upper contour and the 


TABLE 1 


Wivts (1x Minutes) as A Function or THe Locarirum or Maximum 
Luminance (MILLILAMBERTS) FOR THE STEEPER GRADIENT 
































Subject EH Subject CC | Subject BC Subject AW 
log Bmaz ‘nk Dee —_ . 
| N Mean | SD N Mean| SD | WN Mean | SD N | Mean | SD 

| | ——E— EEE 

—0.80 | 12 | 12.2 | 1.2 14 | 11.7 | 088 | 12 | 13.1 | 0.69 
—0.56 | | | 1s | 10.8 | 0.82 
—0.30 | 11 | 8.28] 0.81 | 14 | 9.63| 0.30 | 15 | 8.64| 0.92 

—0.13 | | 10 | 9.99} 0.56 | 
0.74 | 12 | 738] 054} 14 | 7.02] 060} 12 | 855! 059} 15 | 7.02] 0.73 
1.72 | 10 | 657| 054] 14 | 5.58] 046] 12 | 7.11| 061 | 15 | 5.76] 0.52 
2.72 | 11 | 5.671045 | 14 | 5.22] 0.31 | 12 | 666' 055] 15 | 5.49! 0.72 

| 
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TABLE 2 


Wiptn (in Minutes) As A FuncTION OF THE LOGARITHM OF MaximuM 
Luminance (MILLILAMBERTS) FOR THE SHALLOWER GRADIENT 














Subject CC Subject BC Subject AW 
log Bmaz 
N Mean SD N Mean SD N Mean SD 
—0.56 12 11.7 1.2 
—0.33 10 15.4 1.1 
—0.11 15 11.2 1.2 
0.10 12 9.18 0.58 15 10.1 0.91 
0.32 10 12.8 1.2 
1.20 12 7.65 0.52 10 10.3 0.68 5 8.3 0.90 
2.19 12 6.21 0.59 10 8.91 0.89 15 8.10 0.67 
3.17 12 7.11 0.71 12 7.56 0.77 15 8.01 0.69 
































position of the point of maximum 
slope for that session. This difference 
indicates the extent of the bright band 
into the region of decreasing lumi- 
nance, above the point of maximum 
slope. Since the apparent lower con- 
tour was indicated by the upper edge 
of the indicator, its deviation from the 
point of maximum slope is the differ- 
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Fic. 5. Width of the apparent bright band as 
a function of log maximum luminance, for both 
log luminance gradients. Data are plotted 
separately for 3 Os. . 


ence between the position setting for 
the lower contour and the position 
of the point of maximum slope for 
that session, minus the width of the 
indicator. This difference indicates 
the extent of the bright band into the 
region corresponding to constant 
maximum luminance at the stimulus 
object. It has been given a negative 
sign, to emphasize that it represents a 
deviation from the point of maximum 
slope in a direction opposite to the 
upper contour deviation. 

In Figure 6 position data for both 
gradients are shown separately for 
each O. Zero on the ordinate cor- 
responds to the point of maximum 
slope of the gradient. Positive values 
represent positions of contours ap- 
pearing above the point of maximum 
slope, in the region of decreasing 
luminance. Negative values repre- 
sent positions of contours appearing 
below this point in the region cor- 
responding to constant luminance at 
the object. 

Details of the results will be con- 
sidered separately for width of band 
and for position of contours. 

Width of band as a function of 
luminance.—Each O gave data for one 
or both gradients at five different 
maximum luminance values. These 
values cover a range of approximately 
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Fic. 6. Position of the apparent bright band with respect to the log luminance gradient, as a 
function of log maximum lyminance. Zero on the ordinate corresponds to the point of maximum 
slope of the gradient. Contours appearing above this point are shown as positive; contours below 
this point are shown as negative. Data are plotted separately for four Os. 


3.5 log ml. At the lower luminances, 
the values are not the same for all Os. 
Some Os were not able to make 
settings with confidence at the lowest 
luminances; discriminability of the 
black indicator line probably acted as 
a limiting factor in these instances. 
When O was unable to meet the 
reliability criterion at a low lumi- 
nance, determinations made at a 
slightly higher luminance were sub- 
stituted. In some cases the second 
lowest luminance level was modified 
correspondingly in order to space the 
determinations more evenly. 

Each entry in Tables 1 and 2 is 
based upon settings made within a 
single experimental session. In some 
cases, more than one session was 
devoted to determinations under the 
same experimental condition. These 


sessions were equivalent with regard 
to the experimental conditions, and 
differences in their results must be 
attributed to changes in O. Since 
these differences were sometimes large, 
their results have not been averaged. 
The data chosen for presentation are 
those of sessions occurring nearest 
each other in time. Any other choice, 
however, would not have reduced the 
significance of the differences in width. 

It is clear from the curves of Fig. 5 
that the form of the relation between 
width of band and luminance is es- 
sentially the same for all Os, although 
the absolute magnitude of the effect 
varies. All show the greatest width 
at the lowest luminance, with the 
decrease in width with increasing 
luminance occurring at a negatively 
accelerated rate. The change is 
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regular and the difference in width of 


band at different maximum luminance 
values is significant beyond the .01 
level of confidence when tested by 
analysis of variance with ranked data 
(10). This test does not depend upon 
the assumptions of normality of distri- 
bution or homogeneity of variance. 

Figure 5 also compares the functions 
obtained with differing gradients. 
Separate graphs are presented for 
each O. From these graphs, it is 
clear that the change in width has the 
same form for both gradients; with 
the shallower gradient, there is also 
some indication that width approaches 
an asymptote parallel to the log 
luminance axis at the highest lumi- 
nances. 

Experimental values of log maxi- 
mum luminance were not the same for 
the two gradients. However, since 
both functions have been drawn by 
plotting width against log maximum 
luminance, the vertical separation of 
the curves at any luminance level 
represents the difference in width of 
band due to change in the log lumi- 
mance gradient at that value of 
maximum luminance. For each QO, 
all points for the shallower gradient 
lie above the curve for the steeper 
gradient. Since there are no reversals 
for any of the three Os, the data may 
be regarded as showing a significant 
increase in width with decreasing 
steepness of gradient. On the as- 
sumption of no difference between 
the gradients, the probability is (4)5 
or 3 that all five points given by any 
one O for the shallower gradient will 
lie above those given for the steeper 
gradient. 

These results may also be con- 
sidered in terms of variations in the 
luminance gradient, corresponding to 
those changes described in the log 
luminance gradient. In these terms, 
the vertical separation of the curves at 


any luminance level in Fig. 5 repre- 
sents the difference in width of band 
due to change in slope characteristics 
of the luminance gradient; the nar- 
rower band is consistently associated 
with the steeper gradient. The data 
show that maximum luminance is also 
a factor affecting width of band. 
This is best seen by comparing the 
height of the ordinate for each open 
circle with that of the filled circle 
nearest it to the right. In all cases 
(except the two lowest log luminance 
values for CC and the next lowest for 
AW) these pairs of points were 
obtained with conditions differing 
only in the value of a; hence, the slope 
of the luminance gradient is the same 
for both. In all 12 cases where this 
comparison may be made, the filled 
circle (representing a higher maximum 
luminance than its corresponding open 
circle for the same slope) lies higher on 
the ordinate than the open circle, 
showing that an increase in maximum 
luminance when slope is constant in- 
creases the width of the apparent 
bright band. 

Position of the band at various 
luminances.—The data on position of 
the contours of the bright band are 
given as deviations from the point of 
maximum slope of the gradient. 
Except. for one O, EH, these devia- 
tions are taken from the determination 
of the position of maximum slope 
made following the experimental ses- 
sion in which the contour settings 
were made. For EH, all deviations 
are from a single determination of the 
maximum slope position made at the 
end of the experimental series. As a 
consequence, the data for EH are less 
accurately placed with respect to the 
point of maximum slope than are the 
data for other Os, since the absolute 
position of that point may be as- 
sumed to have changed during the 
experimental series. 
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The manner of change of position 
of the lower contour with increasing 
luminance is the same for all Os, as 
shown in Fig. 6. The deviation from 
the position of maximum slope is 
greatest at low luminances, falling 
off rapidly at first and then more 
gradually with increasing luminance. 
The deviation is greatest with the 
shallower gradient, with all points for 
each O falling below the curve de- 
scribing the deviations for the steeper 
gradient. P 

Figure 6 shows that Os are not in 
agreement regarding the manner of 
change of position of the upper con- 
tour with increasing luminance. Yet 
the data for each O for each gradient 
show a clear trend, and the deviations 
at different maximum luminance 
values differ significantly beyond the 
.O1 level. Results from multiple ses- 
sions also show that Os made their 
adjustments for the upper contour 
position with great regularity; differ- 
ent values for width obtained in 
different sessions under the same ex- 
perimental conditions are in all cases 
due to a change in judgment of the 
lower contour position, with the 
upper contour settings remaining 
practically identical. It must be 
concluded that there is a regular 
change in position of this contour of 
the band as luminance increases, but 
that the nature of this change is 
determined in large part by factors 
that vary with the individual. 


Discussion 


The results of this experiment show 
that there is a regular decrease in ap- 
parent width of a bright Mach band as 
the log luminance gradient giving rise 
to it is shifted to higher luminances. 
Two gradients were studied, having 
different degrees of concavity in the 
graph describing log luminance with 
respect to distance. For both gradients, 
width of the apparent bright band is 


greatest at the lowest luminance and 
decreases at a decreasing rate with the 
shift to higher luminances. 

Change from the shallower to the 
steeper gradient also results in a band of 
decreased width, when maximum log 
luminance remains approximately con- 
stant. When width is plotted against 
maximum log luminance for the two 
gradients of this study, the points ob- 
tained with the shallower gradient lie 
well above those obtained with the 
steeper gradient. 

The experiment shows therefore that 
width of the apparent band may be 
altered either by a change in the steep- 
ness of the log luminance gradient or by 
a change in the luminance level at which 
the gradient occurs. 

One characteristic of the stimulus 
situation is itself altered by both these 
changes. Consider two points, a and 4, 
in the stimulus field, such that a is any 
point lying within the uniformly illumi- 
nated lower fieid, and 4 is a point lying 
at some small arbitrary distance above 
the point of maximum slope of the 
luminance gradient. Let the luminances 
at these two points be J, and J». When 
the steepness of the log luminance gra- 
dient is increased, with J, constant, the 
ratio of J, to J, is increased. When the 
log luminance gradient remains un- 
changed, but the entire gradient is 
shifted to a higher luminance level, the 
ratio of J, to J, is unchanged. Up toa 
certain limiting value, such an increase 
in luminance will cause both J, and J, 
to fall in a luminance range in which 
smaller ratios are required to detect 
differences in luminance. The change 
in width of band with increasing lumi- 
nance follows a course similar to the 
course of the change in differential 
sensitivity of the eye with increasing 
luminance. It may therefore be stated 
that conditions which have been shown 
to decrease the width of Mach bands, 
i.e., increased luminance and increased 
slope, also change the relative effective- 
ness as visual stimuli of luminances at 
two points, a and 4, chosen to lie to 
either side of the point of maximum 
change of luminance. 
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When the results are examined in 
terms of the variations in the luminance 
gradient itself, it is clear that width of 
band increases both with decreasing 
slope and with decreasing maximum 
luminance of the luminance gradient. 

The significance of this investigation 
for certain closely related phenomena 
should be noted. At the beginning of 
this report, the stimulus circumstances 
under which a contour is seen to divide 
two fields of differing luminance were 
described. Mach noted that the report 
of such a contour depends upon a 
luminance distribution similar in es- 
sential respects to luminance distribu- 
tions giving rise to apparent bands. 
For when two uniform fields of differing 
luminance meet at a common border, the 
discontinuity in the luminance distribu- 
tion at the physical object is not re- 
produced attheretina. The distribution 
at the retina is graded and is sigmoid in 
form, because cf diffraction and aberra- 
tion in the eye. Gradients having this 
sigmoid form, but in which change of 
luminance is more gradual, lead to the 
report of two Mach bands, one bright 
and one dark. These bands appear at 
the “‘knees’”’ of the function, i.e., in the 
regions of most rapid change of slope. 
The upper bend of the function is 
concave toward the luminance axis and 
represents a negative change of slope; 
here a bright band appears. The convex 
lower bend represents a positive change 
of slope and gives rise to a dark band. 
Since the appearance of a band and the 
establishment of a contour depend on 
very similar stimulus conditions, it is 
probable that the processes leading to 
both phenomena belong to the same 
class of visual events. 

In this context, the present finding 
that width of bright band decreases with 
increasing steepness of the luminance 
gradient‘ may be extended. It may be 


‘It should be understood that band width 
may be described as dependent upon steepness 
of the gradient to one side of the point of 
maximum slope only when the gradient to the 
other side of this point remains unchanged. 
This was the case in the present experiment, 


since for all conditions the luminance of the field | 


predicted that band width will continue 
to decrease with further steepening of the 
gradient, eventually reaching a width 
below the acuity threshold. At this 
point, report of a bright band should give 
way to the report of a sharp contour 
between two fields of differing brightness. 

Two mathematical treatments of the 
band phenomenon have been proposed 
in the literature. Since each of these is, 
in an important respect, out of accord 
with data of the present experiment, it 
is necessary to comment here upon these 
formulations. 

The earlier of these mathematical 
treatments is that developed by Mach 
(5). In observing the conditions under 
which apparent bands occur, he noted 
the importance of those two character- 
istics of the luminance gradient upon 
which width of band has in the present 
study been shown to depend: the degree 
of change of slope and the luminance at 
which a sufficiently large change occurs. 
His observations led him to conclude 
that occurrence of a band is a direct 
function of the degree of change of slope, 
as measured by the absolute magnitude 
of the second derivative of luminance 


; : a’B 
with respect to distance 7? and an 
5 


inverse function of the luminance (8B) at 
the point of this change. The quality of 
the band (i.e., bright or dark) he de- 
scribed as dependent upon the sign, 
d*B 
ds? 

As a mathematical device for describ- 
ing the apparent brightness distribution 
resulting from a given brightness dis- 


negative or positive, respectively, of 








below the point of abrupt change was constant. 
If the gradient in this region is also permitted to 
vary, appearance of the band must be described 
in relation to some measure of the degree of 
change of slope. 

5 Mach regarded the use of the second 
derivative as an approximation, since the mosaic 
structure of the retina does not allow the as- 
sumption of infinitely small gradations in 
response. He also proposed an equation 
analogous to the one employing the second 
derivative, replacing the second derivative term 
by a term representing radius of curvature of the 
luminance gradient (6, p. 132). 
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tribution at the stimulus object, Mach 
developed an equation based upon 


ay. 
Fechner’s Massformel and employing 7 


as a term (5, pp. 313-314). The equa- 


a*B \? 
(Gr) | 
B 
where E represents apparent brightness, 
B represents physical intensity, and a 
and 4 are Fechner’s constants. The sign 
of the second term within brackets is to 
be chosen according to the sign of the 
second derivative. Mach did not regard 
the equation as a new Massformel; it was 
intended only to “present the facts more 
briefly and conclusively than can be done 
in words, without claiming quantitative 
precision” (6, p. 132). He himself 
observed several difficulties that prevent 
the equation from achieving such quanti- 
tative precision. The equation cannot 


tion is E = a log 3 sk 


be used when sie is infinite; but when 


the luminance gradient must be de- 
scribed as two distinct, intersecting 


; , a*B. : 
functions of distance, 77's always in- 
5 


finite at the point of intersection. More- 
over, when these two functions are both 
of the form B = Ks, the formula can 
predict an increase in apparent brightness 
only for a single point; whereas, in fact, 
apparent brightness is increased within 
a band of finite width. 

These objections to the equation are 
removed by entering in it the physical 
brightness values at the retina rather 
than those at the stimulus object. 
Since the retinal distribution of lumi- 
nance will always show a_ rounded 
gradient, 2 can be evaluated in the 
cases referred to above. There is, how- 
ever, a greater inadequacy in the 
equation which Mach did not indicate. 
Mach did not discuss variations in band 
width and did not indicate that he had 
observed them. As formulated, the 
equation predicts no change in width of 
the apparent band as illumination is 
increased proportionally. This may best 


be seen by examining the term in the 

equation which introduces the increment 

(or decrement) in apparent brightness, 
d*B \? 


the ratio This term remains 


ds 

B 
constant in value under the changes in 
the luminance gradient described in this 
experiment as a shift in position of the 
log luminance gradient on the log 
luminance axis. But the present experi- 
ment shows that such a shift changes 
apparent width of the bright band. 
Although the second derivative may in a 
new equation prove to be a useful term 
to describe the apparent brightness dis- 
tribution, Mach’s equation cannot itself 
describe the band phenomenon ade- 
quately.® 

Fry has suggested (1) a mathematical 
account of the band phenomenon, start- 
ing from certain assumptions of Hering’s 
(3) regarding the interaction process 
responsible for the phenomenon. He 
assumes that every visual element de- 
presses activity in surrounding elements 
to an extent varying directly with the 
intensity of its own activity and inversely 
with its distance from the element under- 
going depression. Elements near the 
edge of a uniformly illuminated area 
therefore display a higher activity level 
than elements receiving the same amount 
of physical stimulation but which lie 
near the center of the area. The ap- 
parent bright band in the vicinity of a 
sharp decrease in luminance is, on this 
hypothesis, attributable to the lesser 
amount of depression exercised on ele- 
ments in this area by neighboring ele- 
ments lying in the region of decreased 
luminance. 

As Fry has developed it, this hy- 
pothesis regarding interaction predicts 
only peaks of higher activity, and does 
not predict bands. Fry assumes a 
second-order cortical mechanism, which 
acts upon the distribution resulting from 
interaction and which has the effect of 


6 A later form of the equation (8, pp. 15-18), 
based on assumptions regarding interaction in 
the visual system, is subject to the same criticism 
in the light of present experimental results. 
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smoothing small differences in activity 
level. It is not clear that this mech- 
anism can account for changes in band 
width. 

The results of the present experiment 
give clear information concerning the 
extent of the bright band into the region 
corresponding to constant maximum 
luminance at the object, i.e., lying below 
the point of maximum slope of the 
gradient. It has been shown that this 
extent decreases when the log luminance 
gradient is shifted to higher luminances. 
A development of the hypothesis of 
lessened depression which is capable of 
predicting bands of finite width should 
be able to account for this change of 
extent, by suitable choice of a function 
relating amount of depression to intensity 
of activity at the depressing element. 
However, the data also indicate that the 
extent of the band into this area de- 
creases with increasing steepness of 
gradient. It is at this point that the 
data are most out of accord with the 
proposed explanation. The hypothesis 


developed by Fry must predict either no 
change at all with increasing steepness of 


gradient, or an increase in extent with 
increasing steepness. 


SUMMARY 


1. When the luminance of a stimulus field is 
graded along one dimension in such a way as to 
show at some point a sufficiently sharp but con- 
tinuous decrease in luminance, a bright band is 
seen in the vicinity of this decrease. The 
present experiment was designed to investigate 
this band phenomenon quantitatively. A 
square stimulus field was used; luminance was 
constant in the lower half of the field and 
decreased at a decreasing rate from the center to 
the top of the field. 

2. Measurements of width of the apparent 
bright band were made at five different values 
for the logarithm of maximum luminance of the 
field, over a range of approximately 3.5 log ml. 
These measurements were made for each of two 
gradients describing different rates of decrease 
of the logarithm of luminance within the upper 
half of the field. 

3. When the rate of decrease of log luminance 
is held constant, and the logarithm of maximum 
luminance is increased, width of the apparent 
band decreases according to a negatively ac- 
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celerated function. When the rate of decrease 
of log luminance is increased and the logarithm 
of maximum luminance is held constant, width 
of the apparent band decreases. 

4. The conditions giving rise to report of a 
contour dividing two fields of differing luminance 
may be described as a limiting case of that class 
of luminance gradients which, when the change 
of luminance is less rapid, gives rise to the report 
of Mach bands. 

5. Two mathematical accounts of the band 
phenomenon, one developed by Mach and the 
other by Fry, fail to describe changes in width 
of band under the conditions giving rise to such 
changes in the present experiment. 
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